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EXECUTIVE  SUMMARY 


This  document  is  the  Interim  Report  on  Contract 
DAAK80-79-C-0773,  "HF  MOBA  Communications  Study".  The  purpose 
of  this  study  is  to  assess  the  advantages/disadvantages  of 
using  HF  (high  frequency)  to  communicate  in  built-up  areas. 
This  report  is  a  complement  to  previous  work  done  by  SIGNATRON 
on  the  subject  of  VHF/UHF  communications  in  built-up  areas 
documented  in  the  Interim  and  Final  reports  entitled,  "Data 
Base  Analysis  for  Military  Operations  in  a  Built-up  Area 
(MOBA) ". 

Tne  oojectives  of  this  study  were:  i)  to  establish  a 
data  base  regarding  HF  communications  in  urbanized  terrain  and 
ii)  to  recommend  propagation  measurements  to  fill  gaps  in  the 
data  base  and  validate  the  findings  of  the  study.  Both  of 
these  objectives  are  fulfilled  by  this  report. 

The  conclusions  of  the  study  are  summarized  as  follows: 


a.  The  range  of  HF  communications  in  built-up  areas  is 
estimated  to  be  considerably  reduced  compared  to 
its  range  in  flat  obstruction-free  terrain  (e.g., 
rural) .  However  the  range  reduction  xs  not  as 
severe  at  HF  compared  with  VHF  and  UHF.  The 
PRC-104  (20  watt  HF  manpack  radio)  has  a  rural 
range  of  37  to  50  km.  Its  range  in  an  urban  area 
is  4.7  to  8  km.  For  comparison  purposes,  the 
nominal  range  of  a  VHF  manpack  radio  such  as  tne 
PRC-77  (2  watts)  is  8  km.  In  an  urban  area,  its 
range  is  200  m  to  1  km.  Increasing  the  transmitted 
power  of  the  PRC-77  to  20  watts  would  only  increase 
its  range  to  2  km.  A  comparison  of  the  ranges  of 


v 


typical  Army  HF  radios  in  rural  and  urban  areas  for 
voice  and  teletype  data  transmission  are  shown  m 
Tables  4.1  and  4.2. 

b.  The  reasons  for  range  reduction  in  built-up  areas 

are:  (1)  increased  attenuation  due  to  the  presence 

of  ouildings;  (2)  fading  due  to  multiple  propa¬ 
gation  paths  over  and  around  buildings;  and  (3) 
increase  in  the  electrical  noise  levels  in  urban 
areas. 

c.  HF  suffers  less  range  reduction  than  VHF  because 
the  size  of  the  buildings  relative  to  the  wave¬ 
length  is  smaller  the  lower  the  frequency. 

d.  Antenna  size  and/or  antenna  efficiency  are  a 
problem  at  the  lower  end  of  the  HF  band. 

e  The  existing  data  base  was  found  to  have  little 
quantitative  data  regarding  the  statistics  and 
attenuation  of  HF  signals  in  street-to-street 
communications  as  well  as  street- to  building, 
building-to-building  and  intrabuilding  communi¬ 
cations. 

It  was  therefore  recommended  that  propagation  measure¬ 
ments  be  made  to  fill  the  gaps  in  the  existing  data  base. 
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Skyware  interference  at  night. 
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SECTION  1 

INTRODUCTION  AND  SUMMARY 


1.1  Introduction 

This  document  is  the  Interim  Report  on  Contract  DAAK80- 
7-9-C-0773,  "HF  MOBA  Communications  Study".  This  stuay  is  a 
continuation  of  the  previous  work  done  by  SIGNATRON  [Enrman  ana 
Pari,  1977  and  Ehrman,  Malaga  and  Ziolkowski,  1979]  on  the  sub¬ 
ject  of  VHF/UHF  radio  communications  in  built-up  areas.  Tnis 
report  assesses  the  advantages/disadvantages  of  using  HF  (high 
frequencies)  to  communicate  in  built-up  areas.  The  first  re¬ 
port  referenced  above  dealt  with  tne  study  and  assessment  of 
the  state-of-the-art  on  VHF/UHF  communications  in  built-up 
areas,  while  the  second  is  a  report  of  an  experimental  pro¬ 
pagation  research  program  to  gather  VHF/UHF  propagation  data 
not  previously  available  in  the  existing  data  base. 

The  background  for  this  study  is  as  follows.  The  present 
generation  of  mobile  tactical  Army  radios  are  designed  for 
VHF/UHF  operation.  The  reason  for  this  is  that  the  VHF/UHF 
bands  provide  good  performance  and  sufficient  range  when  used 
in  line-of-sight  (LOS)  paths  and  also  provide  relatively  effi¬ 
cient  coupling  of  energy  from  the  power  stage  of  the  radio 
transmitter  to  the  transmitting  antenna.  VHF/UHF  radios,  how¬ 
ever,  have  virtually  no  over-the-horizon  performance  and  are 
therefore  limited  to  short-range  communications.  Longer  range 
communications  are  maintained  through  the  use  of  HF  radio. 

When  it  is  necessary  for  a  higner  headquarters  to  communicate 
with  forward  echelons,  a  communications  relay  is  often  used, 
with  the  link  from  the  relay  to  the  forward  echelon  being  VHF/ 
UHF,  and  the  link  from  the  relay  to  the  headquarters  being  HF. 


When  a  military  operation  in  a  built-up  area  (MOBA)  is 
taking  place,  radio  communications  may  need  to  be  established 
over  non-line-of -sight  paths.  The  propagation  path  for  tnis 
type  of  communications  is  a  combination  of  diffraction  over  and 
around  buildings  and  reflection  from  ouildings  and  the  ground. 
This  communications  channel  exhibits  Rayleign  fading  due  to 
multipath  propagation  and  results  in  a  communications  range  in 
urban  areas  wnich  is  significantly  reduced  relative  to  its 
nominal  range  in  an  ideal  line-of -sight  setting.  In  our  pre¬ 
vious  efforts  we  found  out  that  the  nominal  range  of  a  typical 
VHF  manpack  radio  such  as  the  PRC-77  would  be  reaucea  from  8  km 
in  a  line-of-sight  path  to  1.5  km  in  suDurban  area  and  to 
ranges  as  short  as  200  meters  in  a  highly  ouilt-up  area 
[Ehrman,  et  ai. ,  1979].  We  also  found  tnat  tne  communications 
range  in  a  built-up  area  was  greater  at  the  lower  VHF  fre¬ 
quencies  than  at  the  upper  end  of  the  VHF  band  and  at  UHF. 

This  indicated  that  the  communications  range  in  urban  areas 
could  be  improved  by  using  HF  instead  of  VHF/UHF .  The  use  of 
HF  to  communicate  in  built-up  areas  might  also  eliminate  the 
need  for  a  relay  for  providing  communications  between  front¬ 
line  units  and  higher  echelon  units  located  as  far  as  100  miles 
away. 

The  objectives  of  tnis  program  were  then:  one,  to  es¬ 
tablish  what  is  known  about  HF  propagation  over  these  paths; 
and  second,  to  make  propagation  measurements  to  fill  in  missing 
data  and  to  validate  the  HF  urban  propagation  moael.  This 
Interim  report  fulfills  the  first  objective  of  tne  program. 

The  report  is  divided  into  five  sections.  Sections  2  and 

3  contain  the  results  of  the  HF  data  base  analysis  with  HF  pro¬ 
pagation  being  discussed  in  Section  2  and  AM,  Single-Sideband 
(SSB)  and  digital  system  performance  in  Section  3.  In  Section 

4  we  assess  the  performance  of  typical  Army  HF  radios  in  built- 
up  areas.  Finally,  Section  5  contains  tne  conclusions 
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resulting  from  tnis  study  and  recommendations  for  long-term  im¬ 
provement  of  military  communications  in  built-up  areas. 

In  the  remainder  of  this  section,  we  provide  a  summary  of 
Sections  2  through  5. 

1.2  Summary  of  Section  2:  HF  Propagation 

Section  2  presents  a  comprehensive  summary  of  the  various 
factors  which  affect  radiowave  propagation  at  frequencies  in 
the  HF  band  (3-30  MHz) .  The  aim  of  tnis  section  is  to  provide 
the  reader  with  the  means  for  predicting  the  received  signal 
and  noise  levels  through  the  use  of  grapns  and/or  formulas. 

HF  radio  signals  can  propagate  via  ground  (or  surface) 
waves  and/or  skywaves  (ionospher icaily  reflected  waves) . 

Hence,  Section  2.1  discusses  the  propagation  of  ground  waves 
over  homogeneous  smooth  ground.  It  is  shown  that  when  tne 
transmitter  and  receiver  are  sufficiently  close,  the  received 
signal  power  decreases  at  the  square  of  the  distance,  while  at 
greater  separations,  it  decreases  as  the  fourth  power  of  the 
distance.  The  minimum  transmitter-receiver  separation  at  which 
the  received  signal  level  begins  to  decrease  as  the  fourth 
power  of  the  distance  depends  on  the  frequency,  polarization 
and  type  of  terrain,  i.e.,  poor  ground  (rocky  or  dry  land), 
good  ground  (farm  land)  or  sea  water.  In  addition,  the  re¬ 
ceived  signal  level  increases  when  the  transmitting  and/or  re¬ 
ceiving  antennas  are  elevated  above  a  minimum  height.  Tne  min¬ 
imum  height  depends  also  on  the  frequency,  polarization  and 
type  of  terrain.  Figures  and  formulas  are  given  in  this 
section  which  enable  tne  reader  to  evaluate  the  patn  loss  (at¬ 
tenuation)  as  a  function  of  transmitter-receiver  separation, 
frequency,  polarization  and  antenna  height  for  given  ground 
conditions.  Tne  ground  conditions  are  specified  by  its  con¬ 
ductivity  and  relative  dielectric  constant. 
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The  path  loss  is  further  increased  when  the  terrain  is 
irregular.  In  Section  2.2  it  is  shown  that  the  increase  in 
path  loss  due  to  terrain  irregularity  can  be  accounted  for  by 
suitably  modifying  the  conducting  properties  of  the  ground. 

The  effects  of  inhomogeneous  ground  are  discussed  in  Section 
2.3.  The  ground  is  considered  to  be  inhomogeneous  when  its 
conducting  properties  vary  along  tne  propagation  path.  Tnis  is 
the  case  wnen  propagation  takes  place  over  mixed  paths  whicn 
include  large  bodies  of  water  (lakes,  sea)  and  various  types  of 
land  (such  as  farm  lands,  deserts  and  cities).  When  pro¬ 
pagation  is  over  urbanized  terrain,  the  path  loss  is  even 
greater.  In  Section  2.4,  it  is  shown  that  the  effects  of 
buildings  and  other  urban  structures  such  as  lamp  posts  can  be 
accounted  for  by  modifying  the  local  ground  conducting  pro¬ 
perties. 

The  methods  and  theories  discussed  in  Sections  2.1 
through  2.4  are  suitable  for  calculating  (predicting)  the 
average  ground  wave  path  loss.  In  practice,  the  received 
signal  in  urbanized  terrain  may  exhibit  fading  (temporal  or 
spatial)  due  to  multipath  propagation  resulting  from  signals 
scattered  and  reflected  from  nearby  structures.  This  has  been 
found  to  be  tne  case  at  VHF  and  UHF  and  also  at  the  higher 
frequencies  in  the  HF  band  [£hrman,  et  al.,  1979],  However, 
there  is  no  experimental  evidence  regarding  the  statistical 
oehavior  of  ground  wave  propagated  signals  at  the  lower  end  of 
the  HF  band.  In  Section  2.5  we  discuss  the  possible 
statistical  oehavior  of  ground  wave  HF  signals  in  ouilt-up 
areas  and  present  a  formula  for  predicting  the  ground  wave 
received  signal  level. 

HF  signals  may  also  propagate  via  ionospheric  reflection 
(skywaves) .  In  Section  2.6  we  discuss  the  various  mecnanisms 
which  affect  skywave  propagation.  It  is  indicated  that  skywave 
propagated  signals  exhibit  great  variability  with  frequency, 
time-of-day,  transmitter-receiver  separation,  season,  and 


sunspot  number.  For  a  given  set  of  conditions  there  is  a  max¬ 
imum  frequency  which  can  be  transmitted  via  ionospheric  re¬ 
flection  (maximum  usable  frequency  or  MUF) .  For  a  given  fre¬ 
quency  below  the  MUF,  there  is  minimum  distance  at  which  this 
frequency  can  be  received  (skip  distance) .  Graphs  indicating 
the  dependence  of  the  MUF  on  time-of-day  and  sunspot  number  are 
given  in  this  section.  We  also  discuss  other  cnaracter istics 
of  skywave  signals  such  as  its  statistical  behavior,  multipath 
propagation  and  fading  rate.  A  formula  for  calculating  the 
skywave  received  signal  level  is  given. 

Section  2.7  discusses  the  various  sources  of  noise  en¬ 
countered  at  HF:  atmospheric,  man-made  and  thermal.  Graphs 
illustrating  their  relative  levels  as  a  function  of  frequency 
and  environment,  i.e.,  urban,  suburban  or  rural,  are  given. 

In  Section  2.8  we  determine  wnich  of  the  two  types  of 
propagation  (ground  wave  or  skywave)  predominates  as  a  function 
of  distance  and  frequency  and  for  various  conditions.  It  is 
snown  that  during  the  daytime  hours,  the  ground  wave  signal  is 
stronger  up  to  distances  of  70  km  at  3  MHz,  up  to  400  km  at  10 
MHz  and  longer  at  higher  frequencies.  Above  15  MHz  tnere  is 
usually  no  skywave  return.  At  nighttime,  however,  the  ground 
wave  is  stronger  at  distances  up  to  30  km  at  frequencies  below 
5  MHz.  Above  5  MHz,  there  is  no  skywave  signal.  From  tnese 
considerations,  it  may  be  concluded  that  HF  signals  in  built-up 
areas  will  propagate  mainly  via  ground  wave  except  at  night, 
when  the  skywave  will  interfere  with  the  ground  wave  at  fre¬ 
quencies  below  5  MHz. 

We  conclude  by  discussing  in  Section  2.9  various  factors 
which  affect  the  choice  of  antenna  polarization  at  HF,  namely, 
antenna  elevation  pattern  and  antenna  gain. 
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1.3  Summary  of  Section  3:  AM/  SSB  and  Digital  Modulation 

System  Performance 

Nearly  all  Army  HF  radios  use  amplitude  modulation  (AM) 
and/or  single-sideband  amplitude  modulation  (SSB-AM)  to  trans¬ 
mit  voice  signals  and  noncoherent  frequency  shift  Keying 
(NCFSK)  to  transmit  low  data  rate  teletype  information.  Thus, 
in  Section  4,  the  signal-to-noise  ratio  (SNR)  out  of  analog  AM 
and  SSB  radios,  and  the  error  rate  of  a  digital  NCFSK  radio  are 
discussed.  The  factors  which  affect  the  signal-to-noise  ratio 
and  error  rate  are  the  statistics  of  the  received  signal  and 
the  noise,  and  if  the  signal  is  fading,  the  fade  rate  and  fre¬ 
quency  selectivity. 

The  signal-to-noise  ratio  of  AM  and  SSB  systems  over  non¬ 
fading  and  fading  channels  is  discussed  in  Section  3.1.  In 
Section  3.1.1  it  is  shown  that  when  the  signal  is  not  fading, 
the  minimum  required  signal-to-noise  ratio  for  voice  signals  of 
acceptable  quality  is  12  dB  for  AM  radios  with  6  KHz  channeli¬ 
zation  and  SSB  radios  with  3  KHz  channels.  For  voice  of  good 
commercial  quality,  the  required  signal-to-noise  ratio  is  30 
dB.  An  additional  signal-to-noise  ratio  margin  is  required 
when  the  signal  is  fading  .  The  margin  depends  on  tne  statis¬ 
tics  of  the  fading  signal  and  the  fading  rate.  In  Section 
3.1.2  it  is  shown  that  when  tne  fading  is  flat  and  sufficiently 
slow  (less  than  1  Hz) ,  the  required  additional  signal-to-noise 
ratio  margin  is  1  dB  if  no  diversity  reception  is  used.  How¬ 
ever,  if  dual  diversity  reception  is  used,  then  the  required 
signal-to-noise  ratio  is  3  dB  lower.  When  the  fading  is  still 
frequency  fiat  but  is  not  slow,  tnere  is  a  maximum  effective 
signal-to-noise  ratio  which  cannot  be  improved  upon  by  in¬ 
creasing  the  transmitted  power.  The  maximum  effective  SNR  de¬ 
pends  on  the  statistics  of  the  received  fading  signal  and  is 
worst  when  the  signal  is  Rayleigh  fading.  In  this  case,  the 


1-6 


maximum  effective  SNR  is  around  0  dB  (it  depends  on  tne 
modulation,  i.e.,  AM  or  SSB)  which  is  well  below  tne  minimum 
required  SNR. 

The  maximum  effective  SNR  can  be  improved  by  using  diver¬ 
sity  reception  and/or  automatic  gain  control  (AGC) .  The  im¬ 
provement  in  the  maximum  SNR  by  using  diversity  reception  and 
AGC  is  discussed  in  Sections  3.1.2  and  3.1.3  respectively. 

When  the  channel  is  a  multipath  channel  (e.g.,  sxywave 
circuits  or  ground  wave  circuits  in  built-up  areas) ,  the  fading 
may  oe  frequency-selective  if  the  bandwidth  of  the  transmitted 
signal  is  greater  than  the  inverse  of  the  multipath  spread 
(coherence  bandwidth  of  the  channel).  In  Section  3.1.4  it  is 
shown  that  frequency  selective  fading  also  results  in  a  maximum 
effective  signal-to-noise  ratio  which  depends  on  the  signal-to- 
multipath-interf erence  ratio. 

The  transmission  of  teletypewriter  (digital)  data  using 
NCFSK  is  discussed  in  Section  3.2.  It  is  shown  that  for  a 
steady  non-fading  channel,  the  error  rate  decreases  exponen¬ 
tially  with  the  signal-to-noise  ratio  (SNR) .  When  the  channel 
is  flat-fading,  the  error  rate  is  shown  to  vary  inversely  with 
the  signal-to-noise  ratio  instead  of  exponentially.  As  in  the 
AM  and  SSB  case,  fast  frequency-flat  fading  and/or  frequency 
selective  fading  results  in  a  maximum  effective  SNR  or  irre¬ 
ducible  error  rate. 


1.4  Summary  of  Section  4:  Application  to  Existing  Radios 

Section  4  examines  the  performance  of  various  Army  HF 
radios  in  both  rural  (ideal)  and  urban  areas.  The  HF  radios 
are  tne  AN/PRC-104,  AN/PRC-70,  AN/GRC-106 (106A) ,  AN/GRC-122, 
AN/FRC-93  and  AN/PRC-72(A,B,C) .  The  characteristics  of  these 
radios  are  described  in  Section  4.1  and  their  performance  is 
analyzed  in  Section  4.2.  It  is  shown  that  the  presence  of 
buildings  and  other  obstacles  in  urban  areas  significantly 
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reduces  the  range  of  these  radios  compared  to  their  ranges  in 
flat  terrain  (rural) .  The  analysis  also  shows  that  wnile  the 
range  of  the  radios  in  independent  of  frequency  in  rural  ter¬ 
rain,  the  range  is  urban  terrain  is  almost  an  order  of  magni¬ 
tude  greater  at  3  MHz  than  at  30  MHz. 

The  factors  whicn  limit  the  radio  performance  in  any  type 
of  environment  are:  transmitted  power,  antenna  gain  (or  effi¬ 
ciency)  ,  path  loss  and  background  noise.  The  antenna  effi¬ 
ciency  depends  on  its  physical  length  relative  to  the  wave¬ 
length.  The  smaller  the  antenna  relative  to  the  wavelength, 
tne  less  efficient.  For  a  fixed  antenna  iengtn  (say  a  9  ft. 
whip) ,  tne  efficiency  varies  from  -17  dB  at  3  MHz  to  0  dB  at  30 
MHz.  Tne  path  loss  depends  on  the  environment,  frequency  and 
transmitter-receiver  separation  (distance) .  In  general,  it  in¬ 
creases  with  frequency  and  distance.  The  oackgrouna  noise  de¬ 
pends  on  the  environment  (rural  or  urban)  and  in  general  de¬ 
creases  with  increasing  frequency. 

The  implications  of  tne  analysis  and  above  mentioned 
effects  are  discussed  in  Section  4.3.  It  is  pointed  out  that 
because  of  much  lower  path  losses  at  lower  frequencies,  tne  low 
end  of  the  HF  band  (3-10  MHz)  promises  to  provide  significantly 
greater  coverage  (range)  tnan  VHF  (30-80  MHz)  by  a  factor  of  5 
times.  It  should  be  pointed  out  though  that  the  range  com¬ 
parisons  mentioned  above  are  based  on  low-height  (5-b  ft) 
antenna  elevations.  Significant  increases  in  range  can  be 
achieved  at  VHF  oy  elevating  tne  transmitting  and/or  receiving 
antenna  above  30  ft  (2  to  4  times).  At  HF,  however,  increases 
in  range  due  to  antenna  elevation  are  minimal  unless  the  an¬ 
tennas  are  raised  aoove  roof  top  level. 
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1.5  Summary  of  Section  5:  Conclusions  and  Recommendations 


Section  5  is  the  final  section  of  this  report  and  con¬ 
tains  the  conclusions  and  recommendations.  As  a  result  of  the 
analysis  we  conclude  that,  as  is  the  case  at  VHF  and  UHF,  the 
range  of  urban  HF  communications  will  be  much  less  than  in  non- 
urbanized  terrain.  However,  the  range  reduction  will  be  much 
smaller  at  the  lower  frequencies  so  that  the  3-10  MHz  band  pro¬ 
mises  to  provide  much  better  coverage  than  VHF  in  urban  areas. 
Furthermore,  front  line  to  higher  ecnelon  communications  using 
100  Watt  HF  radios  will  be  limited  to  50  km  and  even  shorter 
ranges  if  one  end  of  the  link  is  in  the  heart  of  a  built-up 
area. 

The  study  also  reveals  a  lack  of  quantitative  data  re¬ 
garding  signal  attenuation  in  urban  and  suburban  areas  at  HF. 
Hence,  we  recommend  that  propagation  measurements  be  made  at  HF 
in  order  to  fill  the  gap  in  the  existing  data  base  and  to  ver¬ 
ify  the  findings  of  this  study. 
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SECTION  2 
HF  PROPAGATION 


2.0  Introduction 

At  frequencies  in  the  HF  hand  (3-30  MHz)  and  below,  the 
transmission  of  radio  signals  between  a  transmitter  and 
beyond-the-nor izon  receivers  occurs  by  ground  (or  surface)  wave 
propagation,  ionospheric  reflection  (skywave  propagation) ,  or  a 
combination  of  both.  Under  normal  ionospheric  conditions,  tne 
signal  received  via  ionospheric  reflection  becomes  stronger  tnan 
the  ground  wave  beyond  a  certain  distance  depending  on 
frequency,  time  of  day,  and  the  nature  of  the  surface  (i.e.,  sea 
water,  smooth  terrain,  mountain  terrain,  etc.),  sunspot  number 
(SSN) ,  polarization,  etc. 

Figure  2.0-1  shows  the  approximate  distance  from  tne 
transmitter  at  which  the  ground  wave  signal  and  the  skywave 
signal  are  of  equal  amplitude  as  a  function  of  frequency,  for 
frequencies  between  0.1  MHz  and  30  MHz,  and  for  the  conditions 
prescribed,  i.e.,  mid-day  (winter  time),  over  smootn  land  witn 
typical  electrical  properties,  and  an  average  sunspot  minimum 
ionosphere.  Between  about  1  MHz  and  10  MHz  a  band  ot  ranges  is 
shown  reflecting  the  sensitivity  of  tne  skywave  to  variations  in 
the  structure  of  the  ionosphere  as  well  as  the  effects  of 
antenna  polarization.  Above  10  MHz  the  ionospheric  signal,  for 
the  ranges  involved,  is  due  to  ionospheric  scatter.  At  night, 
ionospheric  signals,  for  the  frequencies  and  ranges  of  Figure 
2.0-1,  are  larger;  hence,  Figure  2.0-i  can  De  interpreted  as 
showing  average  expected  maximum  distances  for  which  the  ground 
wave  signal  is  equal  to  a  typically  expected  ionospheric 
signal.  For  example,  at  3  MHz,  during  daytime,  Figure  2.0-1 
snows  the  ground  wave  signal  to  be  greater  than  the  skywave 
signal  to  distances  of  90  miles.  At  night,  this  distance  would 
typically  be  in  the  vicinity  of  30  miles.  This  indicates  tnat 
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Winter  noon  over  land  values 
Isotropic  Radiation 


Fig.  2.0-1  Comparative  Ground  Wave  and  Ionospheric 
Transmission  [From  Crain,  1975] 


short  range  (up  to  100  miles)  HF  communications  over  a  smooth 
(regular)  ground  is  principally  via  ground  wave  propagation 
during  the  day-time  and  a  combination  of  ground  wave  and  skywave 
propagation  at  night.  However,  the  curve  of  Fig.  2.0-i  does  not 
include  the  effects  of  terrain  irregularities  sucn  as  those  that 
might  be  found  in  urbanized  areas.  If  tnese  effects  were 
included,  then  short  range  HF  propagation  in  urbanized  terrain 
might  be  a  combination  of  ground  wave  and  skywave  propagation  at 
all  times. 

Hence,  in  order  to  establish  a  data  base  for  assessing 
the  propagation  mode  of  HF  signals  in  built-up  areas,  we  review 
in  this  section  all  tne  factors  which  affect  tne  propagation  of 
HF  signals  via  the  ground  wave  and  skywave  mode.  In  Section  2.1 
we  discuss  basic  ground  wave  propagation  over  a  smooth  plane 
earth.  In  Section  2.2  we  discuss  the  effects  of  irregular  or 
rough  terrain.  Section  2.3  deals  witn  ground  wave  propagation 
over  an  inhomogeneous  and  spherical  earth.  In  Section  2.4  we 
consider  the  effects  of  uroanized  terrain  (built-up  areas)  on 
ground  wave  propagated  signals.  Section  2.5  discusses  the 
prediction  of  ground  wave  received  signal  level.  Skywave 
propagation  is  discussed  in  Section  2.6.  In  Section  2.7  we 
discuss  the  various  noise  sources  in  the  HF  band.  Section  2.8 
summarizes  the  results  of  the  previous  sections  Dy  discussing 
tne  ranges  where  ground  wave  and  skywave  propagated  signals 
predominate.  Finally,  in  Section  2.9  we  include  some  basic 
considerations  in  HF  antenna  selection. 

2. 1  Ground  Wave  Propagation 

Tne  theory  of  electromagnetic  ground  wave  propagation 
over  a  nomogeneous  ground  of  finite  conductivity  was  originally 
developed  by  Sommerfeld  (1909]  and  since  then  the  solution  to 
this  problem  has  been  formulated  in  different  ways  by  various 
authors.  The  most  familiar  form  is  tnat  derived  by 
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Norton  [1937]  and  refined  by  King  [1969]. 


When  the  transmitting  and  receiving  antennas  are  placed 
at  some  height,  hfc  and  hr  respectively,  above  a  homogeneous 
ground,  the  results  of  Norton  [1937]  and  King  [1969]  have  shown 
that  the  ground  wave  field  strength  can  be  divided  into  three 
components,  one  of  which  corresponds  to  the  direct  and  reflected 
waves  of  geometric  optics  and  the  other  is  the  diffracted  non¬ 
geometric-optic  surface  wave.  The  two  geometric  optic  com¬ 
ponents  are  explicitly  shown  in  Fig.  2.1-1  while  the  surface 
wave  field  component  propagates  along  the  surface  of  the 
ground.  When  the  antenna  heights  above  the  ground  are  suf¬ 
ficiently  great,  the  surface  wave  field  at  tne  receiving  antenna 
is  weak  and  the  space  wave  (direct  plus  reflected  wave)  term 
predominates.  Near  the  ground,  the  surface  wave  predominates. 

In  general  when  all  tnree  components  are  received,  the  ratio  of 
received  power,  Pf ,  to  transmitter  power,  Pfc,  is  given  oy 
[King,  1969] 

P  P 

\l  +  Re"3A  +  (l-R)F(w)e‘jA|2  (2.1-1) 

t  t 

where  PQ  is  the  power  that  would  be  received  in  tree-space  if 
there  were  no  obstacles  present  (such  as  the  ground) ,  R  is  the 
ground  reflection  coefficient,  F(w)  is  the  surface-wave 
attenuation  factor,  w  is  the  numerical  distance,  and  A  is  tne 
phase  shift  of  tne  reflected  wave  and  the  surface  wave  relative 
to  the  direct  wave. 

The  ratio  of  the  free-space  power  to  transmitted  power 
depends  on  the  frequency  (wavelength) ,  distance  between 
transmitter  and  receiver,  d,  and  the  transmitting  and  receiving 
antenna  gains,  gfc  and  gr  respectively.  This  ratio  is  given 
by  [Bullington,  1957]  : 
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gtgr 


(2.1-2) 


Thus,  in  free  space,  the  received  power  varies  directly  as  tne 
square  of  the  wavelength  and  inversely  as  the  square  of  the 
distance. 

The  ground  reflection  coefficient,  R,  the  surface  wave 
attenuation  factor,  F,  the  numerical  distance,  w,  and  the  pnase 
shift,  A,  depend  on  the  polarization  of  the  transmitted  wave, 
the  antenna  heights  and  the  ground  conductivity  a  and 
permittivity  e.  as  follows: 


_  _  sin0-Z 
sin0+Z 

(2.1-3) 

F (w)  =  1-j/nw  e  w  erfc  (j/w) 

(2.1-4) 

w  =  (sine+Z)2 

AcosJ0 


(2.1-5) 


Z 


-  j60crA-cos 


e  - j60aA 
- j60a A-cos 


2 


2 


e 


e 


vertical  Polarization 

(2.1-6) 

horizontal  Polarization 


sinG  = 


ht+hr 


A  = 


2nd 


A  cos  6 


t-f 


4hthrcos  9 


(2.1-7) 


(2.1-8) 
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At  VHF  when  tne  antennas  are  elevated  more  than  one 
wavelength  above  the  ground,  the  surface  wave  can  oe  neglected 
and  only  the  reflected  wave  will  cause  significant  interference 
resulting  in  the  well  known  fourth  power  law  for  the  received 
power  [e.g.,  Ehrman,  1977]. 


At  HF  however,  typical  antenna  heights  of  5  to  10  ft  are 
smaller  than  the  wavelength  (in  the  HF  band:  30  ft  <x<  300  ft). 

In  the  case  where  hfc,  hr  <<X,  the  surface  wave  term  cannot 
be  neglected.  The  ratio  of  received  power  to  transmitted  power 
is  approximately  given  by  [Norton,  1941] 

P  4P  2 

_£  =  _£  |F(wo)  H(qt)H(qr)  |  (2.1-10) 


where  wQ  is  the  numerical  distance  when  hfc=hr=0,  i.e., 


(2.1-11) 


and  Zo  *s  the  n°rmalizea  ground  impedance  at  grazing  incidence: 
Z  =  lim  Z 

0-o  (2.1-12) 

The  factor  H(q)  is  a  height-gain  function  which  depends  on  the 
antenna  heignts  and  ground  parameters  and  is  given  oy 
(Norton,  1941]: 

f  2  I  i/2 

H (q)  =  l+q  -2q  cos  b  (2.1-13) 
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where 


2irh 

X 


(2.1-14) 


q 


b  =  arg  ZQ  (2.1-15) 

The  neight  gain  factor  may  be  interpretea  as  the  increase  in 
received  signal  level  when  the  antennas  are  raised  above  tne 
ground  (due  to  contributions  from  the  space  wave).  Figure  2.1-2 
shows  the  heignt  gain  factors  for  vertically  polarized  antennas 
over  'poor'  soil  and  sea  water. 

When  propagation  is  over  'poor'  soil,  the  space  wave 
(optical  field)  contribution  to  the  received  signal  becomes 
significant  at  frequencies  above  15  MHz  if  the  antenna  neight  is 
greater  than  20  feet  (i.e.,  greater  than  a  half  wavelength). 
Furthermore,  for  fixed  antenna  heights,  tne  height  gain 
increases  with  frequency  so  that  at  VHF  most  of  the  received 
signal  is  due  to  the  space  wave  (or  optical  field)  provided 
propagation  is  over  land. 

When  propagation  is  over  sea  water,  the  space  wave 
becomes  significant  at  frequencies  above  150  MHz  so  tnat  at 
frequencies  in  the  HF  range  (3-30  MHz)  and  even  in  tne  lower  VHF 
band  (30-80  MHz) ,  tne  ground  wave  field  is  made  up  entirely  of 
the  surface  wave. 

The  minimum  antenna  heignt  at  wnicn  tne  antenna  neight 
gain  factors  become  significant  may  be  obtained  from 
Eq.  (2.1-14)  and  is  given  oy: 

h  =  — ^ -  (2.1-16) 

°  2  7T  |  Z  I 

1  o 1 

This  is  tne  antenna  height  at  which  the  space  wave  has  equal 
strength  as  the  surface  wave  and' is  shown  in  Fig.  2.1-3  for 
various  ground  conditions  as  a  function  of  frequency. 
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Fig.  2.1-3  Minimum  Effective  Antenna  Height  [from  Jasik,  1961) 


The  surface  wave  component  of  the  received  signal  is 
characterized  by  the  attenuation  factor  F(w)  ana  tne  numerical 
distance  w  which  is  a  function  of  the  conducting  properties  of 
the  ground,  the  actual  distance  between  transmitter  and 
receiver,  and  the  frequency.  A  plot  of  the  surface  wave 
attenuation  factor  F,  as  given  oy  Eq.  (2.1-2),  is  shown  in 
Fig.  2.1-4  as  a  function  of  the  magnitude  and  phase  (argument) 
of  the  numerical  distance,  w.  These  curves  show  that  at  short 
numerical  distances  F  has  a  value  near  unity.  This  implies  that 
at  short  distances,  the  surface  wave  (and  the  ground  wave  field) 
decreases  as  the  square  of  the  distance  (since  PQ~d  ) .  At 
the  other  extreme,  when  the  magnitude  of  the  numerical  distance 
| w  |  is  greater  than  30,  the  surface  wave  attenuation  factor 
decreases  linearly  with  the  numerical  distance  (i.e., 

F~ w-^~d-^)  so  that  the  surface  wave  received  power  decreases 
as  the  fourth  power  of  the  distance.  At  intermediate  values  of 
the  numerical  distance  (.03<w<30)  the  surface  wave  attenuation 
factor  is  highly  dependent  on  the  argument  (phase)  of  the 
numerical  distance.  When  the  argument  is  around  51°,  tne 
attenuation  factor  has  a  singular  point  (location)  where  tne 
received  field  is  nearly  zero.  Tne  argument  of  the  numerical 
distance  depends  on  the  conductivity  of  the  ground  and  the 
polarization  through  the  argument  (phase)  of  the  normalized 
impedance.  Table  2.1  snows  values  of  the  argument  of  the 
normalized  impedance,  Z,  for  the  case  of  grazing  incidence  (or 
low  antenna  elevation  so  that  0=0)  on  a  smooth,  homogeneous  flat 
ground  (Z  is  given  by  Eq.  2.1-6). 

Typical  values  of  the  ground  constants  and  o  are 
given  in  Table  2.2  and  a  World  Map  showing  various  types  of 
terrain  is  given  in  Figure  2.1-5. 

At  frequencies  in  the  HF  band,  a  smooth  relatively  flat 
eartn  acts  as  an  inductive  surface  for  vertical  polarization  and 
as  a  capacitive  surface  for  horizontal  polarization.  The 
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Table  2.1 

Relationship  between  Ground  Conductivity, 
polarization  and  the  Argument  of  the  Numerical  Distance 


Horizontal  Polarization  Vertical  Polarization 


Highly 

Capacitive 

Capacitive 

(Homogeneous 

Ground) 

(Rough  or 
Inhomogeneous 
Ground) 

<  arg  Z  < 

n 

~4 

-j  £  arg  Z  <  o 

o  £  arg  2  <_  ^ 

}  <  arg  Z  <  J 

3tt 

-42-  <  arg  W  < 

-IT 

-it  <  arg  W  < 

£  arg  W  <  o 

o  <  arg  W  £  ^ 

Table  2.2 

Typical  Ground  Constants 


TYPE  OF  SURFACE 

(mho/m) 

e 

r 

Poor  Ground 

0.001 

4 

Average  Ground 

0.005 

15 

Good  Ground 

0.01 

15 

Fresh  Water 

0.01 

81 

Sea  Water 

5. 

81 
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Figure  2.1-5  World  Map  Showi 


attenuation  factor  whicn  corresponds  co  these  cases  are  well 
oenaved  and  have  no  high  attenuation  regions  ('dead  zones'). 
However  wnen  the  surface  is  irregular  or  inhomogeneous  (varying 
conductivity) ,  the  normalized  impedance  Decomes  nighly  inductive 
so  that  a  high  attenuation  zone  may  exist  in  tne  ground  wave 
field  corresponding  to  a  numerical  distance  with  argument 
(phase)  of  around  51°  (or  argument  of  Z  of  around  70°) . 

Under  equal  propagation  conditions  (ground 
characteristics)  and  fixed  frequency  and  distance,  the  numerical 
distance  for  horizontal  polarization  is  greater  than  tnat  for 
vertical  polarization  by  a  factor  of  |er-j60°*|2«  Tnus, 
even  when  propagation  is  over  poor  ground  and  the  frequency  is 
as  high  as  30  MHz  (1=10  m) ,  the  numerical  distance  for 
norizontal  polarization  is  an  order  of  magnitude  (16  times) 
greater  than  the  numerical  distance  for  vertical  polarization. 
This  indicates  tnat  the  attenuation  for  horizontal  polarization 
is  at  least  20  dB  greater  than  for  vertical  polarization.  It  is 
for  this  reason  then  that  vertical  polarization  is  usually 
preferred  for  ground  wave  transmission  at  frequencies  in  the  HF 
band. 

Summarizing,  for  a  given  polarization  and  frequency, 
curves  or  tne  ground  wave  propagation  loss  versus  distance  may 
be  generated  from  Eqs.  (2.1-2)  through  (2.1-10)  and  the 
universal  curve  (Fig.  2.1-4)  of  the  surface  wave  attenuation 
factor  versus  numerical  distance  for  tne  case  of  a  flat 
homogeneous  ground.  Ground  wave  attenuation  curves  for  the  case 
of  vertical  polarization  and  propagation  over  poor  ground,  good 
ground,  and  sea  water  are  given  in  Figs.  2.1-6  through  2.1-8  as 
a  function  of  distance  ana  for  various  frequencies. 

2.2  Ground  Wave  Propagation  over  Irregular  or  Rough  Terrain 

The  results  of  the  previous  section  were  obtained 
assuming  a  perfectly  smooth  boundary  between  the  air  and  ground 
or  water.  However,  tnese  results  can  be  also  applied  to  tne 
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Poor  Ground 


Fig.  2.1-7  Ground  Wave  Attenuation  Over  Good  Ground 


Ground  Wave  Attenuation  Over  Sea  Water 


case  of  a  cough  or  irregular  terrain  if  the  normalized  impedance 
of  the  surface  is  suitably  modified  (i.e.,  £q.  (2.1-6)). 

Feinberg  [1944]  was  the  first  one  to  show  that  the  effect  of 
small  neight  irregularities  (compared  to  the  wavelength)  was  to 
decrease  the  apparent  conductivity  of  the  earth.  However, 
details  of  his  derivation  were  not  provided  ana  the  effect  of 
finite  earth  conductivity  was  not  considered.  Wait  [1959] 
derived  the  effective  impeaance  for  a  corrugated  perfectly 
conducting  surface.  Later,  Barrick  [1971]  derived  the  effective 
impedance  of  a  rough  surface  of  finite  conductivity  wnose 
normalized  (unmodified)  surface  impedance,  Z,  was  smaller  than 
unity,  i.e.,  Z<<1.  Hence,  his  results  are  applicaole  to 
vertically  polarized  surface  wave  propagation.  Using  a  Fourier 
representation  of  the  surface  irregularities,  Barrick  [1971] 
shows  that  the  modified  effective  impedance  of  a  rougn  or 
irregular  surface  is  given  by: 

oo 

Z  =  Z  +  J  If  F (p, q) W (p,q ) dpdq  (2.2-1) 

—  OO 

where  Z  is  the  modified  surface  impedance,  Z  is  the  (unmodified) 
normalized  surface  impedance  of  the  ground  ignoring  the 
irregularities  (i.e.,  Eq.  (2.1-6)),  W(p,q)  is  the  heignt 
spectral  density  of  the  surface  which  is  defined  in  terms  of  tne 
surface  height  £(x,y)  above  the  h=0  plane  as 

CO 

W(p,q)  =  //  <  C (x,y) 5(x;y* ) >exp{ j (prx+qiy) }dxxdxy 

(2.2-2) 

where  x  *x-x' ,  and  x  =y-y’.  Thus,  p  and  q  have  dimensions 

a  y 

of  inverse  distance  and  W(p,q)  is  a  spectral  density.  Tne 
function  F (p,q)  is  a  weighting  function  which  is  approximately 
given  by  (to  first  order  in  Z)  : 

F{p,g)  =  j  p2k0[(P+k0)2-H32-k^]"1/2=  jb  (2.2-3) 
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where  kQ=2TT/X. 

When  the  normalized  surface  impedance  Z<<1,  the  slightly 
rough  or  irregular  surface  can  oe  conceptually  replaced  by  a 

A 

smooth  flat  surface  at  h=0  with  effective  impedance  Z  given  by 
Eq.  (2.2-1).  Since  W(p,q)  is  a  spectral  density,  it  is  real  and 
positive  for  all  p  ana  q.  Hence,  the  modified  surface  impedance 
(to  first  order)  has  an  additional  term  which  is  imaginary  and 
positive  when  b  is  real  and  pure  real  and  positive  when  b  is 
imaginary.  The  former  case  represents  a  reactive  contribution 

A 

to  2,  whereas  the  latter  is  a  resistive  contribution. 

The  effect  of  a  rough  surface  with  spatial  periods,  1/p 
and  1/q,  all  less  than  on  propagating  signals  of  varying 
frequencies  is  as  follows.  When  the  frequency  of  the 
propagating  signal  is  such  that  kQ=2TT f /c<ir/£o<p,q,  tne  rougn 
surface  results  in  the  addition  of  an  inductive  term  to  the 
effective  impeaance  of  tne  surface.  When  lt0>7T/2'0»  the 
effective  impedance  has  both  an  additional  resistive  ana  an 
inductive  component.  Hence,  at  lower  radio  frequencies,  a  given 
rough  surface  will  appear  inductive,  but  at  higher  frequencies 
the  resistive  term  will  eventually  increase  until  it  is  as  large 
as  the  inductive  term.  An  inductive  contrioution  to  the 
effective  impedance  may  result  in  high  attenuation  areas  if  the 
argument  (phase)  of  the  effective  impedance  is  around  70°. 


2. 3  Ground  Wave  Propagation  over  an  Inhomogeneous  and 
Spherical  Earth 

The  results  of  Sections  2.1  and  2.2  assumed  a  flat  or 
plane  earth  as  well  as  a  homogeneous  ground,  i.e.,  constant 
conductivity  and  dielectric  constant.  When  the  distances 
involved  are  such  tnat  the  curvature  of  the  earth  cannot  oe 
ignored  and/or  the  ground  conductivity  and  dielectric  constant 
vary  significantly  along  the  propagation  path  (such  as  a  mixed 


sea-land  path) ,  then  the  surface  wave  attenuation  factor  may  be 
computed  using  integral  equations  developed  by  Hufford  11952] 
and  Ott  [1971] . 

The  integral  equation  obtained  by  Hufford  [1952],  whicn 
permits  the  calculation  of  the  surface  wave  attenuation  factor 
at  a  (great  circle)  distance,  d,  is  given  by: 

■iu/A  d  j  2TT  X  f  j 

g(d)  =  l-eJ1T/4  fQ  [Z(r)+U>]e  g(r)  VXr(d_r)  dr 

(2.3-1) 

where  g(d)  denotes  the  complex  surface-wave  attenuation  factor 
at  a  distance  d,  Z(r)  is  the  normalized  impedance  of  the  ground 
which  also  varies  witn  distance,  and  4*  and  £  are  defined  in 
Fig.  2.3-1.  The  ratio  of  received  power  to  transmitted  power 
may  be  obtained  by  substituting  g(d)  for  F(wQ)  in  Eq. (2.1-10). 

The  integral  in  Eq.  (2.3-1)  expresses  the  attenuation 
factor  at  a  range  d  in  terms  of  its  value  at  all  ranges  between 
zero  and  d.  Obviously,  it  can  only  oe  solved  numerically  in  a 
progressive  manner.  Causebrook  [1978]  and  Monteath  [1978]  nave 
developed  a  method  for  solving  (2.3-1)  numerically  by  dividing 
the  profile  into  a  set  of  N  distances  each  of  width  D  as  shown 
in  Fig.  2.3-1  and  such  that 


gn  = 


N-l 

1  QnIn"QNANGN-l 

n=l 


l+Q 


N 


where 


Qn  =  (Zn+\[>n)exp{-j2TT£n/X} 


I  =  A  G  ,  +R  G 
n  n  n-l  n  n 


(2.3-2) 

(2.3-3) 

(2.3-4) 
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Fig.  2.3-1  Quantised  Form  of  the  Data  Required  for  a  Profile 
[from  Causebrook,  1978] 


The  and  Rn  are  obtained  analytically  from 


I 


n 


nD 

/(n-l) 


Dg(r) 


ND 

ND-r) 


dr 


(2.3-5) 


assuming  that  g(r)  varies  linearly  witn  r  for  n^2 .  For  n=l 
g(r)  is  given  by  Eg.  (2.1-4). 


The  interval  distance,  D,  required  for  accurate 
computation  of  the  surface  wave  attenuation  depends  on  the 
desired  accuracy  at  the  extreme  range  of  the  computation.  For  a 
given  accuracy  smaller  calculation  intervals  are  required  for 
spherical  earth  calculations  tnan  for  a  plane  eartn.  Tne 
maximum  permissible  interval  decreases  as  tne  magnitude  of  tne 
attenuation  factor  decreases  and  as  its  phase  increases.  A  good 
rule  of  thumb  for  picking  the  interval  distance  is 
[Monteath,  1978] . 


D  < 


2R2X 


(2.3-6) 


9d 


max 


where  dmax  is  the  maximum  range  for  the  computation  and  R  is 
the  "effective  radius"  of  the  earth  (including  refractive 
bending  effects) .  If  a  plane-earth  model  is  used  then  tne 
interval  distance  can  be  picked  to  oe  3  times  greater  than  that 
given  by  (2.3-6) . 


Anotner  integral  equation  which  permits  tne  calculation 
(numerical)  of  the  surface  wave  attenuation  is  tnat  derived  by 
Ott  [1971],  This  integral  equation  is  closely  related  to  the 
Sommerfeld  surface  wave  attenuation  function,  F(w),  discussed  in 
Section  2,1  and  is  given  by 


g(d) 


F (d,o) 


d  -jkw(d,r) 

/  g  (r) e  (h'(r)F(d,r) 

o 


h (d) -h (r) 
d-r 


(2.3-7) 

<z-v>  ar 
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where  g(d)  is  the  surface  wave  attenuation  factor  (relative  to 
free-space) ,  F(d,r)  is  closely  related  to  the  Sommerfeld  surface 
attenuation  factor,  and  is  defined  as 

F(d,r)  =  1-j/rrp  e  u  erfc(j/u)  (2.3-8) 


P 


,  *Z2(d-r) 

J  A 


(2.3-9) 


u  =  p  {1- 


h(d) -h (r) , 
Z(d-r)  J 


w (d, r) 


[h  (d)  -h  (r)  ]  2  ,  h2  (r)  h2  (d) 
2  (d-r )  2r  2d 


(2.3-10) 

(2.3-11) 


The  function  h(r)  is  the  terrain  profile  along  the  propagation 
patn  and  h' (r)  is  its  derivative.  Tne  factor  (Z-Zr)  arises  in 
mixed-path  proolems.  That  is,  Zr  is  constant  with  distance 
and  is  defined  as  the  normalized  surface  impedance  near  tne 
transmitter.  The  factor  Z  varies  with  distance  in  a  mixed  path 
(inhomogeneous  ground)  problem.  The  variation  of  Z  with  r  may 
be  continuous  or  it  may  contain  abrupt  changes.  Tne  factor 
(Z-Zr)  is  zero  for  a  homogeneous  path,  so  that  the  integral  in 
(2.3-7)  may  be  interpreted  as  the  correction  factor  to  tne 
Sommerfeld  attenuation  factor  F(d,o)  due  to  terrain  variations. 
This  equation  is  particularly  effective  for  computing  the 
additional  losses  introduced  Dy  mountain  ridges  and  other  large 
terrain  variations.  Methods  of  solving  tne  integral  equation  by 
numerical  techniques  may  be  found  in  [Ott,  1971]. 

2.4  Ground  Wave  Propagation  in  Built-up  Areas 

The  results  presented  for  ground  wave  propagation  over 
irregular  and  inhomogeneous  terrain  can  also  be  applied  to  urban 
and  suburban  (built-up)  areas.  Causebrook  [1977,1978]  nas  made 
use  of  the  concept  of  'effective  impedance'  for  the  character¬ 
ization  of  built-up  areas  and  to  calculate  ground  wave  attenu- 
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ation  at  frequencies  between  900  KHz  and  2  MHz.  Tne  use  of 
effective  impedance  will  yield  good  average  values  for  received 
field  strength  at  distances  sufficiently  away  from  the  perturbed 
surface  (far  field).  But  field  distribution  very  near  this  sur¬ 
face/  i.e.,  within  a  built-up  area  will  show  strong  local  varia¬ 
tions,  especially  at  frequencies  where  the  wavelength  is  in  tne 
order  of  the  building  heights  (i.e.,  HF)  and  will  therefore  in 
general  deviate  substantially  from  expected  values. 


Man-made  structures,  such  as  lamp-posts,  steel-framing, 
wiring  and  plumbing  may  be  considered  as  grounded  parasitic 
monopoles,  which  carry  induced  currents  in  the  presence  of  an 
electric  field.  Causebrook  {1977]  has  derived  the  “effective 
impedance”  of  a  built-up  area  by  considering  the  effect  of  man¬ 
made  structures  as  forming  a  'bed  of  nails'.  In  highly  built-up 
areas,  he  also  makes  an  analogy  to  grooves  cut  in  a  highly  con¬ 
ductive  surface  (buildings)  exposing  poorer  conductivity  at  the 
ground  (streets) .  If  B  is  the  fraction  of  an  area  in  question 
which  is  covered  by  buildings,  Causebrook's  {1977]  analysis 
gives  the  effective  surface  impedance  as  a  function  of  mean 
building  height,  H,  and  building  density  B  for  the  case  of  ver¬ 
tically  polarized  waves  as: 

Z(H)  =  Z(o)+j^p-  In  ( 1+10B)  ]  ,  B<.3 

(2.4-1) 


Z  (H)  =  (1-B)  [Z(o)+jyi]  ,  . 3<B<1 


where  Z(0)  is  the  normalized  surface  impedance  at  ground  level 
and  Z(H)  is  the  value  at  a  level  H  which  is  the  height  taken  for 
the  structures.  Equation  (2.4-1)  indicates  that  the  effective 
surface  impedance  in  a  built-up  area  requires  an  extra  imaginary 
term  in  the  presence  of  buildings.  Thus  a  built-up  area  can  be 
conceptually  replaced  by  a  smooth  flat  surface  (as  long  as  B  and 
H  oo  not  change  very  much  over  the  range  of  interest)  at  H»0 


with  effective  impedance  Z(H)  given  by  (2.4-1).  The  average 
(expected)  ground  wave  propagation  loss  may  then  'be  computed 
according  to  the  tneory  of  Section  2.1.  If  the  terrain  is 
highly  irregular  and/or  the  mean  building  height,  H,  and  the 
building  density  change  considerably  over  the  range  of  interest, 
then  Z (H)  may  be  used  to  calculate  the  inhomogeneous  surface 
wave  attentuation  factor  using  the  integral  equations  descrioea 
in  Section  2.3. 


2. 5  Prediction  of  Ground  Wave  Received  Signal  Level 

The  theories  described  in  Sections  2.1  through  2.4  permit 
the  computation  of  the  ground  wave  attenuation  versus  distance 
not  only  for  areas  of  constant  (although  maybe  modified)  surface 
impedance  but  also  for  a  continuously  varying  impedance.  How¬ 
ever,  these  theories  do  not  account  for  off-axis  scattering 
terms  which  may  be  present  especially  in  tne  case  of  ground  wave 
propagation  in  built-up  areas  between  elevated  antennas.  It  is 
likely  that  off-axis  scattered  fields  would  contribute  an  addi¬ 
tional  random  component  to  the  total  received  field.  Currently, 
there  is  no  information  in  the  literature  regarding  the  statis¬ 
tics  of  HF  ground  wave  signals  in  built-up  areas.  However,  it 
the  off-axis  scattered  field  is  made  up  of  multiple  reflected 
waves  as  is  the  case  at  VHF  and  UHF,  then  tne  scattered  field 
would  exhibit  complex  Gaussian  statistics,  i.e.,  its  envelope 
would  be  Rayleigh  distributed  and  its  phase  would  be  uniformly 
distributed.  Furthermore,  if  we  regard  the  surface  wave  field 
as  a  steady  (non-fading)  sinusoidal  component,  as  is  normally 
assumed,  then  the  envelope  of  the  received  signal  would  nave 
Rice-Nakagami  statistics.  Its  envelope  would  nave  probability 
density  given  oy  (Beckmann,  1967] 

p(R)  =  ^  exp  { - -  (R2+a2)]  I  (— y)  ,  R>0  (2.5-1) 

a  2a  a^ 
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where 


R  is  the  amplitude  of  the  received  signal. 

A  is  the  amplitude  of  the  steady  surface  wave 

component 

a  is  the  rms  value  of  the  scattered  component 

IQ(x)  is  the  modified  Bessel  function  of  the  first 
kind  and  zero  order. 

When  the  scattered  field  is  weak  compared  to  the  surface 

2  2 

wave  component,  i.e.,  A  /2 o  >>  l,  then 

p ( R)  =  6(R-A)  (2.5-2) 

which  is  the  commonly  made  assumption  when  dealing  with  ground 
wave  propagation  at  low  frequencies  and  at  HF  in  open  terrain. 
On  the  otner  hand,  if  the  scattered  field  component  is  strong 
compared  to  the  surface  wave  component,  as  is  the  case  at  VHF 
and  especially  UHF ,  i.e.,  A2/2c2<<1,  tnen 

P (r)  “  -f  exp  [-R2/2o2]  (2.5-3) 

a 

which  is  the  Rayleigh  density  function.  Plots  of  tne  density 

function  of  (2.5-1)  are  given  in  Fig.  2.5-1,  as  a  function  of 
the  ratio  A/a. 

Tne  ground  wave  received  signal  level  is  thus  completely 

specified  by  the  received  specular  (or  surface  wave  component) 

power,  P  *a  ,  and  the  surface  wave-to-scattered  field  ratio, 

2  2  L 

A  /2ct  .  The  surface  wave  received  power  can  be  predicted 
according  to  the  formula 

Pr  =  PQ(f,d)  -  Am(f ,d)+Ht (ht,f)+Hr(hr,f)  (2.5-4) 

where  all  quantities  are  in  dB  and 

PQ  is  the  power  received  if  we  assume  free  space 

transmission  as  given  oy  Eq.  (2.1-2) 
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Am(f,d)  is  the  attenuation  of  the  surface  wave  relative 
to  free-space  attenuation  in  a  built-up  area 
characterized  by  its  effective  surface  imped¬ 
ance.  In  the  case  of  vertically  polarized 
waves,  the  effective  surface  impedance  is  given 
by  Eq.  (2.4-1).  The  attenuation  factor  Am(f,d) 
is  defined  below  and  varies  depending  on  wnether 
we  are  dealing  with  homogeneous  (flat  terrain)  or 
inhomogeneous  (irregular  terrain  or  varying 
building  density)  ground. 

Ht(ht*f)  and  Hr(hr,f)  are  height-gain  factors 

expressed  in  dB  and  account  for  tne  effects  of 
antenna  elevation.  They  are  local  terrain  de¬ 
pendent  and  are  defined  by  Eq.  (2.1-13). 

When  the  terrain  is  homogeneous  (flat  and  constant  ground 
conductivity)  the  attenuation  factor  Am(f,d)  is  defined  as: 

Am(f,d)  =  -20  log10t2F(wo,Z))  (2.5-5) 


where  F(wQ,Z)  is  the  Sommerfeld  surface  wave  attenuation 
factor  defined  in  Eq.  (2.1-4),  wQ  is  the  numerical  distance  at 
grazing  incidence  defined  in  Eqs.  (2.1-2)  and  (2.1-6),  and  Z  is 
the  effective  surface  impedance  defined  in  Eq.  (2.4-1).  For  a 
given  distance  d,  and  impedance,  Z,  F(wQ,Z)  may  be  determined 
from  Fig.  2. 1-4. 

If  the  terrain  is  highly  irregular  and/or  the  ground  con¬ 
ductivity  changes  (continuously  or  abruptly)  throughout  the 
propagation  range,  then  the  attenuation  factor  Am(f,d)  is 
defined  as: 


Am(f,d)  =  -20  log10[2g(d)) 

2-29 


(2 . 5-6a) 


where  g(d)  is  the  surface  wave  attenuation  defined  oy  the  in¬ 
tegral  equations  (2.3-1)  or  (2.3-7).  Note  tnat  if  Eq.  (2.3-7) 
is  used,  then  (2.5-6)  may  be  rewritten  as: 

Am(f,d)  =  -20  logifl[2F(wo,Z)]  -20  logiQ  (1-x)  (2.5-60) 

where  x  is  the  ratio  of  the  integral  in  Eq.  (2.3-7)  to  the  first 
term  F (d,Q) =F  (wQ,Z)  .  Since  F(wQ,Z)£l  when  0<x<l  (2.5-5)  ana 
(2.5-6)  are  positive,  the  second  term  in  (2.5-60)  represents  the 
excess  loss  due  to  terrain  irregularities  and/or  inhomogeneous 
paths.  If  the  excess  loss  is  due  to  tne  curvature  of  tne  earth 
or  terrain  irregularities  such  as  mountain  ridges,  then  the 
second  term  in  (2.5-60)  is  entirely  analogous  to  the  diffraction 
losses  encountered  at  VHF  and  UHF  and  mayoe  computed  in  a 
similar  manner  [e.g.,  see  Ehrman,  1977].  However,  if  the  second 
term  is  due  to  changes  in  the  conductivity  of  the  ground  along 
the  propagation  path,  then  it  must  be  computed  from  Eq.  (2.3-7) 
using  numerical  techniques  described  in  [Ott,  1971]. 

2  2 

The  ratio  of  specular  to  scattered  power,  A  /2o  = 

2 

Pj. /  2a  ,  has  yet  to  be  determined  and  may  be  significant  in 
built-up  areas  especially  at  the  high  end  of  the  HF  band  and 
when  the  antennas  are  elevated  above  the  ground.  If  tne  scat¬ 
tered  component  is  significant,  then  the  received  signal  will 
exhibit  fading.  If  the  fading  rate  of  the  scattered  field  is 
f  (for  a  description  of  the  scattered  field,  see  Ehrman, 

5 

1977)  ,  then  the  average  number  of  fades  of  the  amplitude  of  the 
received  signal  below  a  level  R  per  unit  time  is  given  oy  the 
following  (Rice,  1948]: 

NOR)  =  f  £  /2tT  exp  [~R  +p~]  I  (^§)  (2.5-7) 

s  0  2cr  °  a 

Note  that  as  the  ratio  of  specular  (surface  wave)  to  scattered 
power  ratio,  A  /2a  ,  increases  the  average  number  of  fades 
below  level  R  per  unit  time  decreases  exponentially.  If 
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A  /2a  >4,  it  is  negligible  for  any  value  of  R  so  that  no 
fading  is  observed. 

The  expected  fade  duration  (below  level  R)  is  given  by 
[Halpern,  1977] 


T(R) 


_1 _ 

N  (R) 


R 

fQ  p (r) dr 


v-> 

a 


E 

n=l 


I 


n 


(2.5-8) 


which  is  negligible  when  R<a/2  and  A2/2ct2>>1. 


2.6  Skywave  Propagation 

Long  distance  HF  propagation  is  mainly  via  the 
ionospner ic-skywave  mode.  Signals  propagated  via  this  mode  are 
unstable  compared  with  ground  wave  propagated  signals,  for  the 
strength  of  the  ionospheric  signals  is  dependent  upon  many 
factors  related  to  the  condition  of  the  ionosphere  which 
generally  varies  from  hour  to  hour,  day  to  day,  and  season  to 
season.  Reliable  communications  for  a  given  circuit  can 
generally  be  obtained  if  tne  operating  frequency  lies  between  a 
lower  (LUF)  and  a  maximum  usable  or  operational  (MUF)  frequency 
limit.  For  a  given  path,  these  frequency  limits  are  determined 
by  the  ionospheric  cnaracter istics  at  a  given  time. 

2.6.1  Optimum  Operating  Frequency 

Ionospheric  propagation  is  influenced  oy  the  presence  of 
four  ionized  layers,  identified  as  tne  D,  E,  F^  and  F2 
layers.  Their  heights  and  ionization  levels  are  closely  related 
to  solar  radiation  so  tnat  there  are  important  diurnal 
variations  (day  versus  night)  and  seasonal  variations  which  are 
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related  to  the  relative  position  of  the  sun.  At  HF  tne  D-layer 
acts  primarily  as  an  absorDing  medium  and  is  not  a  significant 
reflecting  layer.  The  F-layer,  which  is  of  low  ionization, 
is  closely  associated  with  the  E-layer  and  is  seldom  dis¬ 
tinguishable  from  the  E-layer.  Tnus,  reference  to  the 
F^-layer  is  seldom  made,  and  the  term  F-layer  implies  the 
F2-layer.  Consequently,  ionospheric  reflection  of  HF  signals 
is  due  almost  wholly  to  the  presence  of  the  E-iayer  and  the 
F-layer . 

The  critical  frequency  for  a  layer  is  the  maximum  fre¬ 
quency  for  which  a  vertically  incident  wave  reflects  from  that 
layer.  Signals  transmitted  at  frequencies  above  the  critical 
frequency  will  penetrate  the  layer  and  may  reflect  from  higher 
layers.  Accordingly,  the  critical  frequency  of  the  F-layer  is 
always  higher  than  the  critical  frequency  of  the  E-layer.  A 
frequency  which  is  not  reflected  from  a  given  ionospneric  layer 
at  vertical  incidence  may,  however#  be  reflected  from  that 
layer  wnen  a  more  grazing  oblique  incidence  is  used.  The 
maximum  frequency  that  can  be  reflected  for  a  given  angle  of 
incidence  on  a  layer,  and  corresponding  to  a  given  distance 
between  transmitter  and  receiver,  is  called  the  maximum  usable 
frequency  or  MUF.  The  MUF  is  minimum  for  a  vertically  incident 
signal  and  increases  with  decreasing  grazing  angle  (or  with 
increasing  angle  of  incidence  on  the  layer) .  Since  the  grazing 
(i.e.,  elevation)  angle  decreases  with  increasing  transmitter- 
receiver  separation,  the  MUF  increases  with  increasing  trans¬ 
mitter-receiver  separation.  Thus,  a  signal  at  some  given  fre¬ 
quency  above  the  critical  frequency  of  a  layer  will  be  re¬ 
flected  by  the  layer  at  all  grazing  angles  less  than  some 
maximum  angle.  This  results  in  reception  of  the  signal  at  re¬ 
ceiver  distances  beyond  some  minimum  distance  called  the  skip- 
distance.  The  important  point  we  are  making  here  is  that  tor  a 
given  transmitter-receiver  separation  there  corresponds  an 


MUF.  Communication  at  a  given  distance  using  a  signal  fre¬ 
quency  nearly  equal  to  the  MUF  for  that  distance  (i.e.,  skip- 
distance)  can  also  be  achieved  at  greater  distances  (skip-zone) 
but  not  at  lesser  distances. 

The  LUF  is  determined  in  part  by  ionospheric  absorption 
which  results  in  attenuation  of  the  signal  below  a  usable 
level.  Ionospheric  absorption  is  caused  principally  by  passage 
of  the  transmitted  signal  through  the  D-layer,  and  the  re¬ 
sulting  attenuation  increases  with  decreasing  frequency.  In 
general,  to  minimize  absorption,  the  signal  carrier  frequency 
must  be  adjusted  as  close  to  the  MUF  as  conditions  existing  at 
any  time  will  permit.  Unlike  tne  MUF,  the  LUF  is  not  a 
critical  frequency  and  does  not  depend  totally  upon  the  con¬ 
dition  of  the  ionosphere.  The  LUF  is  the  lowest  frequency  that 
will  give  satisfactory  reception,  i.e,  sufficient  SNR  at  the 
receiver,  and  is  affected  by  transmitted  power,  antenna  gains, 
receiver  sensitivity,  path  loss,  etc.  Operating  at  a  signal 
below  the  LUF  is  possible  but  results  in  degraded  performance 
(e.g.,  higher  error  rates  with  digital  communications,  or  lower 
reliability  with  analog  transmission) .  With  sufficiently  high 
transmitting  power  and/or  antenna  gains,  the  increased  iono¬ 
spheric  absorption  at  relatively  low  frequencies  may  be  over¬ 
come  resulting  in  low  values  of  LUF.  Tne  usable  bandwidth  de¬ 
termined  by  the  LUF  and  tne  MUF  is  an  important  parameter  in  a 
system  which  uses  wideband  (spread  spectrum)  signals  for  a  low 
probability  of  intercept  or  for  interference  rejection. 

In  order  to  minimize  ionospheric  attenuation  and  fading 
due  to  multipatn,  the  optimum  operating  frequency  for  HF  sky- 
wave  propagation  is  usually  close  to  the  MUF.  How  close  the 
optimum  operating  frequency  should  be  to  the  MUF  is  determined 
by  the  bandwidth  of  the  transmitted  signal.  For  narrowband 
(3-6  kHz)  systems,  the  optimum  operating  frequency  (FOT)  for  a 
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given  time  of  day  and  season,  is  defined  as  the  maximum  fre¬ 
quency  having  ionospheric  support  on  90%  or  more  of  the  days 
during  the  month.  For  broadband  systems,  the  optimum  operating 
frequency  must  be  sufficiently  below  tne  MUF  so  that  all  fre¬ 
quencies  in  the  band  nave  ionospheric  support  on  90%  or  more  of 
the  days  during  the  montn.  If  the  MUF  were  invariant,  it  would 
be  a  simple  matter  to  set  tne  operating  frequency  according  to 
the  guidelines  described  above.  In  actuality,  tne  MUF  is 
highly  variable  and  must  be  treated  statistically. 

Tne  variability  of  the  MUF  is  closely  related  to  the 
variability  of  tne  ionosphere.  Conditions  of  the  ionospnere 
vary  throughout  tne  day  witn  the  angle  of  the  sun  (solar  zenith 
angle) .  In  addition,  they  also  vary  witn  the  season  of  the 
year,  and  vary  in  synchronism  with  the  eleven-year  sunspot 
cycle.  The  MUF  increases  with  transmitting  distance,  is  higner 
during  the  daylignt  hours,  and  increases  as  tne  sunspot  number 
(SSN)  increases.  Althougn  the  MUF  changes  with  the  season,  the 
changes  are  somewhat  dependent  upon  the  geographic  location  and 
local  time.  In  general,  the  daytime  MUF  tends  to  be  higher  in 
the  winter  than  in  the  summer,  while  the  nighttime  MUF  is 
slightly  higher  in  tne  summer  than  in  the  winter.  Values  of 
the  SSN  range  from  about  5  during  lows  to  approximately  100  to 
130  during  the  highs.  A  new  low  interval  started  m  the  year 
1976. 

Computer  programs  are  used  in  system  design  to  predict 
the  MUF,  optimum  frequency  and  available  signal-to-noise  ratio 
for  particular  HF  paths  based  upon  transmitted  power  and 
antenna  cnaracter istics.  One  such  program  is  the  OT/ITS 
HFMUFES-4  [1976]  program  for  predicting  the  performance  of  HF 
skywave  telecommunication  systems.  Figure  2.6-1  shows  the 
diurnal  variation  in  the  montnly  median  value  of  the  MUF  for 
several  single-nop  distances,  and  SSN=110.  The  trends  shown  in 
the  figure  are  consistent  with  wnat  might  be  observed  anywnere 
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LOCAL  TIME  (hr) 

Fig.  2.6-1  Diurnal  Variation  of  the  Maximum  Usable 
Frequency  as  a  Function  of  Distance 

(from  Sykes,  et  al.,  1975) 
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LOCAL  TIME  (hr) 

Fig.  2.6-2  Diurnal  Variation  of  the  Maximum  Usable 

Frequency  for  High  and  Low  Sunspot  Numbers 

(from  Sykes,  et  al.,  1975) 


2-35 


in  the  world.  The  greatest  diurnal  variation  in  the  MUF  occurs 
at  the  longest  distance  with  most  of  the  change  occurring 
during  sunrise  and  sunset.  Figure  2.6-2  shows  the  diurnal 
variation  of  the  MUF  at  a  distance  of  550  Km  for  both  high  and 
low  sunspot  numbers.  Note  that  the  MUF  for  SSN=110  is  about 
1.7  times  tnat  for  SSN=10  for  all  nours  of  the  day. 

In  addition  to  tne  somewhat  regular  or  normal  variations 
in  the  ionosphere  there  are  occasional  irregular  and  unpredict¬ 
able  variations  generally  referred  to  as  sudden  ionospheric 
disturbances.  These  disturbances  generally  last  from  about  ten 
minutes  to  an  hour  and  result  in  extremely  high  absorption 
causing  a  loss  of  signal  or  fade  out.  The  disturoances  occur 
simultaneously  throughout  the  portion  of  the  earth  illuminated 
by  the  sun;  they  do  not  occur  at  night.  Another  type  of  dis¬ 
turbance  is  the  ionospheric  storm  wherein  the  ionosphere  de¬ 
viates  from  its  normal  layer  stratification  and  becomes  tur¬ 
bulent.  These  storms  generally  result  in  erratic  communi¬ 
cations  and  usually  require  the  use  of  a  lower  operating  fre¬ 
quency  to  prevent  outage.  Tne  effects  of  ionospheric  storms 
are  greater  near  the  polar  regions  and  are  somewhat  predictable 
in  short-term  forecases  available  internationally  from  NOAA. 

2.6.2  Multipath  Fading  in  Skywave  Propagation 

When  the  operating  frequency  is  oelow  the  MUF,  skywave 
propagation  results  in  multiple  propagation  paths,  each  with 
different  propagation  times,  attenuation  and  Doppler  shifts. 

The  muitipatn  is  a  consequence  of  energy  radiated  at  different 
elevation  angles  being  reflected  from  different  layers  in  tne 
ionosphere,  and  also  from  multihop  propagation.  Tnus,  in 
general,  tne  received  skywave  field  is  of  the  form 

N 

Ec(f,t)  =  E  e]2lTft  Z  c  (t)exp  { -]2tt  (ft-Vt  }  (2.6-1) 

j  u  i  n  ii 
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where  EQ  is  the  field  that  would  be  received  at  an  equivalent 
distance  in  free  space  at  an  operating  frequency  f,  assumed  to 
be  below  the  MUF,  tn  is  the  time  delay  of  each  ionospneric 
return,  Vn  is  the  Doppler  shift  of  eacn  return  and  cn(t)  is 
the  time  varying  attenuation  of  each  return  relative  to  the 
free  space  attenuation  EQ.  The  number  of  ionospheric  returns 
depends  on  the  operating  frequency,  transmitter-receiver 
separation  and  time  of  day.  If  the  transmitter  and  receiver 
are  sufficiently  close,  tne  received  signal  descrioed  by 
(2.6-1)  includes  the  ground  wave  signal  discussed  earlier. 

The  presence  of  multiple  returns  in  the  skywave  field 
results  in  fading  and  the  fading  rate  is  determined  by  the 
relative  Doppler  shifts  of  the  various  returns.  The  Doppler 
snifts  of  the  individual  returns  are  related  to  diurnal  changes 
in  the  ionization  levels  in  the  various  layers  as  well  as  the 
heights  of  the  layers.  A  model  which  relates  the  Doppler 
shifts  and  path  delays  to  the  various  parameters  of  a  two-layer 
ionosphere  are  discussed  in  [Malaga,  et  al. ,  1978].  Typical 
fading  rates  (Doppler  spread) ,  which  are  well  within  ooserved 
values,  are  given  in  Figure  2.6-1  for  various  times  of  day  for 
a  3000  km  link.  Note  that  for  a  fixed  frequency  below  the  MUF, 
the  Doppler  spread  is  greatest  at  sunrise  (and  sunset)  and 
decreases  so  that  at  noon  it  is  negligible.  Figure  2.6-4  shows 
the  Doppler  spread  for  various  transmitter-receiver  separations 
at  a  local  time  of  900  hrs.  Tnese  curves  show  that  the  MUF 
increases  with  distance  as  discussed  earlier.  However,  as  the 
operating  frequency  approaches  the  MUF,  the  fading  rate 
(Doppler  spread) ,  B^,  approaches  zero.  The  reason  is  that  at 
the  MUF,  there  is  only  one  skywave  return.  At  frequencies 
close  to  the  MUF,  the  fading  rate  is  slow  (~1  Hz) . 

When  the  delay  differential  between  the  last  and  first 
ionospheric  returns  or  tne  ground  wave  (multipath  spread)  is 
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'Pier  Spread  (Fade  Rate)  as  a  Function  of  Carrier 
iquency  for  Various  Local  Times  (from  Malaga,  1978 
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Doppler  Spread  (Fade  Rate)  as  a  Function  of  Carrier 
Frequency  for  Various  Transmitter-Receiver 
Separations  (from  Malaga,  1978) 


greater  than  the  inverse  of  the  bandwidth  of  the  transmitted 
signal,  the  multipath  fading  is  frequency  selective,  that  is 
the  various  frequency  components  in  the  transmitted  signal  fade 
independently.  This  effect  results  in  severe  distortion  ot 
analog  signals  and  large  error  rates  in  digital  signal  trans¬ 
mission.  Typical  values  of  the  multipath  spread  for  various 
times  of  the  day  (3000  km  link)  are  shown  in  Figure  2.6-5  and 
for  various  transmitter-receiver  separations  in  Figure  2.6-6. 
These  curves  show  that  the  multipath  spread  for  HF  sxywave 
propagation  is  typically  in  tne  order  of  1  msec  or  less  at  fre¬ 
quencies  below  the  MUF.  The  inverse  of  the  multipath  spread  is 
the  coherence  bandwidth  which  is  a  measure  of  the  maximum  fre¬ 
quency  separation  for  which  two  transmitted  frequencies  will 
still  be  strongly  correlated  after  reflection  from  the  iono¬ 
sphere.  Thus,  the  coherence  bandwidth  for  HF  skywave  trans¬ 
mission  is  typically  in  the  order  of  a  few  kHz  at  frequencies 
below  the  MUF.  This  implies  that  SSB-AM  signals  (3  kHz  band¬ 
width)  might  exhibit  flat-fading  rather  than  frequency  selec¬ 
tive  fading  under  certain  conditions.  However,  wideband  HF 
signal  transmission  will  always  exhibit  frequency  selective 
fading. 

2.6.3  Prediction  of  Skywave  Received  Signal  Level 

As  discussed  earlier,  the  skywave  received  signal  level 
at  a  frequency  below  the  MUF  is  a  function  of  tne  SSN,  season, 
geographic  location,  time  of  day  and  frequency.  For  a  given 
frequency  and  any  specified  time,  the  median  received  skywave 
signal  level  in  dBW  (dB  above  1  watt)  is  given  by: 

pr  =  pt  +  Gt  +  Gr  _  L<f'fc>  (2.6-2) 


where 


tm  /  msec 


1200  hrs 


J _ I _ I _ I  - 
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Fig.  2.6-6  Discrete  multipath  spread  vs.  carrier  frequency  for  various 
transmitter-receiver  separations  (from  Malaga,  1978) 


Pfc  =  transmitter  power  delivered  to  antenna  input 

(dBW) 

Gt  =  power  gain  of  transmitting  antenna  (dB)  in 

direction  of  propagation  path  relative  to 
isotropic  antenna  in  free  space. 

Gr  =  power  gain  of  receiving  antenna  (dB)  in 

direction  of  propagation  path  relative  to 
isotropic  antenna  in  free  space. 

L  =  total  attenuation  in  the  propagation  path 

(dB)  defined  oelow. 

The  total  path  attenuation,  L,  is  calculated  for  the  specific 
propagation  path  at  the  operating  frequency  and  is  composed  of 
four  major  loss  mechanisms: 

L  =  LF  +  LA  +  LG  +  LP  (2.6-3) 

where  Lp  is  the  free  space  transmission  loss  expected  between 
ideal,  loss-free,  isotropic,  transmitting  and  receiving 
antennas  in  free  space  which  represents  tne  major  loss 
mechanism.  For  a  single-hop  transmission,  the  path  lengtn,  D, 
between  transmitter  and  receiver  is  the  length  of  tne  patn  the 
signal  travels  from  the  transmitting  antenna  to  the  most 
probably  reflecting  layer  and  back  to  the  receiving  antenna. 

The  free-space  loss  depends  on  the  frequency  (and  wavelengtn  ) 
and  path  length  as  follows: 

Lp  =  20  l°gi0  ( 4 ttD/ A )  (2.6-4) 

Under  certain  conditions,  the  second  major  loss  is  the 
absorption  loss  (Lft)  resulting  from  passage  of  the  signal 
through  the  D-layer.  is  calculated  from  a  semi-empirical 

formula  using  the  following  variables:  geographic  latitude  of 
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the  reflection  point,  sunspot  numoer  (SSN) ,  solar  zenith  angle 
at  a  particular  time  and  season,  angle  of  incidence  of  the 
signal  ray  path  on  the  reflecting  layer,  gyrof requency ,  winter 
anomaly  factor,  number  of  hops  and  operating  frequency.  During 
the  night  when  solar  zenith  angle  is  much  greater  than  90°, 
the  ionospheric  absorption  loss  becomes  insignificant.  A 
formula  relating  all  these  factors  is  given  by  Barghausen,  et 
al.,  [1969]: 


286(1+. 0087  xp)  (1+.005S)  (cos  X)  N  sec  4> 
v2/4*  +  (f+fH)2 


(2.6-5) 


where 


x 


n 


S 

X 


V 

f 


N 


geographic  latitude  in  degrees  measured 

positive  from  the  equator. 

smoothed  13-month  sunspot  number 

solar  zenith  angle 

angle  of  incidence  of  radio  signal 

measured  from  vertical 

collision  number  (  =20  at  63  km  altitude) 
operating  frequency  in  MHz. 
gyro  frequency  at  aDsorbing  height  in  MHz 
(  1  MHz) 

number  of  hops. 


The  third  major  loss  (LQ)  applies  only  to  multipie-hop 
propagation  involving  reflection  of  the  radio  wave  from  the 
earth's  surface  and  depends  on  the  reflection  coefficients 
(conductivity  and  dielectric  constant)  of  tne  ground  at  tne 
point  of  reflection  and  the  take-off  angle  or  the  ray  above  the 
horizon.  A  fourth  loss  factor  (Lp)  is  the  excess  system  loss 
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which  is  included  to  account  for  the  day  to  day  variations  in 
the  ionospheric  conditions  (e.g.,  SSN)  from  the  monthly  median 
and  includes  other  losses  not  explicitly  attributable  to  tne 
three  major  loss  mechanisms.  The  excess  system  loss  includes 
such  factors  as  ionospheric  focusing,  deviative  absorption 
(wnen  operating  very  close  to  the  MUF) ,  polarization  losses, 
and  the  contribution  of  signals  from  different  paths. 

A  detailed  explanation  of  the  median  propagation  loss 
factors  is  presented  along  witn  expressions  for  calculating  the 
individual  major  loss  terms  in  a  report  by  Barghausen,  et  al. , 
[1969].  This  reference  is  the  basis  for  the  revised  OT/ITS 
long  term  ionospheric  prediction  program  [Haydon,  et  al. , 

1976] . 

The  skywave  received  signal  level  fluctuates  randomly 
(with  a  median  value  given  by  (2.6-2)).  The  statistics  of 
these  fluctuations  have  been  found  to  be  Rayleigh  (Eq.  (2.5-1)) 
distributed  [Shaver,  et  al.,  1967]  if  no  ground  wave  component 
is  present.  When  the  ground  wave  is  of  comparable  strength  to 
the  skywave  field,  the  statistics  of  the  ground  wave  plus  sxy- 
wave  field  are  given  by  the  Rice-Nakagami  distribution  (see 
Eq.  (2.5-1) ). 


2. 7  Atmospheric  and  Man-Made  Noise  at  HF 

The  required  signal  strength  for  satisfactory  HF  commu¬ 
nications  depends  to  some  extent  on  tne  receiver's  sensitivity 
and  noise  factor,  but  is  strongly  dependent  upon  the  external 
noise  at  tne  receiving  antenna.  The  tnree  types  of  noise  witn 
which  the  HF  signal  must  contend  are  galactic,  atmospheric  and 
man-made;  of  these,  the  latter  two  predominate  at  HF.  The 
average  power  of  man-made  noise  varies  over  a  wide  range,  more 
with  time  and  location  than  atmospheric  noise  and  is  subdivided 
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according  to  the  receiving  environment  as  urban,  suburban  or 
rural  noise.  Atmospheric  noise  depends  upon  the  frequency, 
time  of  day,  season  and  geographic  location  of  the  receiver. 
Figure  2.7-1  shows  typical  plots  {Barghausen,  et  al.,  1969]  of 
the  noise  levels  above  receiver  thermal  noise  power  (KTQB) 
from  various  sources  as  a  function  of  frequency.  The  curves  of 
atmospheric  noise  show  that  the  highest  noise  levels  occur 
during  the  night  hours  in  the  summer  time  while  the  lowest 
noise  levels  occur  in  the  morning  hours  during  the  winter 
months.  In  general,  man-made  noise  levels  exceed  atmospheric 
noise  at  the  upper  end  of  the  HF  band  (15-30  MHz) .  Below  15 
MHz,  man-made  noise  exceeds  atmospheric  noise  in  the  winter 
time  while  atmospheric  noise  predominates  in  suburban  and  rural 
areas  during  the  summer  months. 

The  curves  of  Fig.  2.7-1  may  be  used  to  predict  the 
average  noise  levels  from: 

N  =  F  +  log10B  -204  (2.7-1) 

where 

N  =  noise  level  in  dBw 

B  =  receiver  bandwidth  in  Hz 

F  =  noise  power  (figure  2.7-1)  above  KTQB. 

The  noise  level  predicted  by  Eq.  (2.7-1)  is  independent  of  tne 
receiving  antenna  gain  (or  directivity) .  This  is  because 
atmospheric  noise  is  considered  to  be  omnidirectional  in  both 
azimuth  and  elevation.  Man-made  noise  on  the  other  hand  tends 
to  arrive  at  low  elevation  angles.  In  this  case,  the  actual 
received  man-made  noise  level  would  be  weighted  by  the  antenna 
directivity  at  low  elevation  angles. 
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Mode  of  Propagation  vs.  Distance 

The  previous  sections  have  dealt  with  a  description  of 
the  two  modes  of  propagation  encountered  at  HF.  In  this 
section,  we  discuss  the  conditions  under  which  the  ground  wave 
is  the  predominant  mode  of  propagation. 

The  curves  of  Figure  2.8-1  represent  the  distance  at 

0 

which  skywave  propagated  signals  and  ground  wave  propagated 
signals  are  of  equal  amplitude  as  a  function  of  the  operating 
frequency  and  for  the  conditions  specified:  winter  midday  sky- 
wave  propagation,  omnidirectional  (isotropic)  antenna  radiation 
and  ground  wave  propagation  over  a  dense  urban  area.  The  cross- 
hatched  area  reflects  the  variaoility  of  the  ionospheric  con¬ 
ditions  between  a  low  sunspot  number  (10)  and  high  sunspot 
number  (110).  Thus,  the  region  aoove  the  cross-hatched  area 
indicates  the  distances  at  whicn  the  skywave  signal  is  stronger 
than  the  ground  wave  signal  while  at  the  distances  below  the 
cross-hatched  area,  the  ground  wave  signal  is  stronger  than  the 
skywave  return.  It  should  be  mentioned  however  that  the  re¬ 
gions  of  Fig.  2.8-1  have  been  determined  assuming  isotropic 
radiation  (i.e.,  equal  excitation  of  the  ground  wave  and  sKy- 
wave) .  When  vertical  polarization  is  used,  the  ranye  of  the 
ground  wave  is  greater  because  of  greater  antenna  gain  at  lower 
elevation  angles.  If  horizontal  polarization  is  used,  the 
range  of  the  ground  wave  is  shorter  because  of  lower  antenna 
gain  at  the  lower  elevation  angles.  Keeping  this  in  mind,  the 
curves  of  Fig.  2.8-1  show  that  tne  maximum  distance  at  wnich 
ground  wave  propagation  predominates  increases  from  a  low  of  70 
xm  at  3  MHz  to  1000  km  at  15  MHz.  At  frequencies  above  15  MHz, 
there  is  no  skywave  return  while  at  frequencies  below  3  MHz  tne 
skywave  signal  is  strongly  attenuated  due  to  aosorption  in  the 
D  region  of  the  ionosphere. 
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Fig.  2.8-1  Ground  Wave  and  Skywave  Propagation  ranges  in 
built-up  areas  vs.  frequency  for  Winter  mid¬ 
day  conditions 
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At  night,  the  D  region  disappears  so  that  the  skywave 
signal  suffers  less  attenuation  and  the  ranges  for  which  ground 
wave  propagation  predominate  (for  a  fixed  frequency)  decrease. 
This  is  reflected  by  the  curves  of  Figure  2.8-2  where  we  have 
also  plotted  the  distance  at  which  skywave  and  ground  wave 
propagated  signals  are  of  equal  strength  as  a  function  of  fre¬ 
quency  and  under  winter  night  conditions  assuming  isotropic 
radiation.  Figure  2.8-2  snows  that  the  maximum  distance  at 
which  the  ground  wave  is  stronger  tnan  the  skywave  at  night 
decreases  from  70  km  at  1  MHz  to  35  km  at  4  MHz.  At  fre¬ 
quencies  above  5  or  6  MHz  there  is  no  skywave  return.  Hence, 
above  this  frequency  there  is  only  a  ground  wave  propagated 
signal.  During  the  summer  time  the  maximum  range  for  ground 
wave  propagation  is  similar  as  that  during  the  winter  except 
that  skywave  propagation  is  possible  at  higher  frequencies  (15 
to  20  MHz  during  the  day) . 

Figures  2.8-1  and  2.8-2  only  provide  a  degree  of  per¬ 
spective  relative  to  normal  experience.  For  example,  any  3  MHz 
signals  received  up  to  distances  of  70  km  are  normally  pro¬ 
pagated  via  the  ground  wave  mode  while  those  beyond  140  km  are 
due  to  ionospheric  propagation.  However,  Figures  2.8-1  and 
2.8-2  do  not  indicate  tne  system  parameters  necessary  to  pro¬ 
vide  a  specified  communications  capability.  This  will  be  dis¬ 
cussed  in  Sections  3  and  4. 

As  a  final  comment  regarding  the  propagation  mode  for 
snort  distance  HF  transmissions,  it  should  oe  pointed  out  that 
in  calculating  the  propagation  loss  for  skywave  transmission  we 
did  not  account  tor  reflection  from  tne  sporadic  E  layer.  This 
layer  is  not  always  present,  as  are  the  E-layer  (during  the 
day)  and  the  F-layer  (day  and  night) ,  but  occurs  rather  unpre- 
dictably  but  frequently  enough  in  the  middle  latitudes  to  per¬ 
mit  sporadic  E  propagation  from  25  to  50%  of  the  time  at  fre¬ 
quencies  up  to  15  MHz.  When  this  layer  is  present,  the  range 
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Fig.  2.8-2  Ground  Wave  and  Skywave  Propagation  ranges  in 
built-up  areas  vs.  frequency  for  Winter  night 
conditions 
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of  the  ground  wave  will  be  greatly  diminished  at  frequencies 
between  5  and  15  MHz. 

2.9  Basic  Considerations  in  HF  Antenna  Selection; 

Having  discussed  the  various  propagation  modes  involved 
in  short  and  long  haul  HF  transmission,  we  conclude  the  dis¬ 
cussion  of  HF  propagation  by  considering  the  implications  of 
the  propagation  mode  on  tne  type  of  antenna  needed.  Because 
the  ground  wave  and  skywave  are  radiated  and  received  at  dif¬ 
ferent  elevation  angles,  care  must  be  taken  in  selecting  an 
antenna  whose  radiation  pattern  is  such  that  the  directive  gain 
of  the  antenna  is  favorable  at  the  desired  elevation  angle: 

0°  for  ground  wave  propagation  and  a  somewhat  higher  ele¬ 
vation  angle  for  SKywave  propagation.  A  general  propagation 
chart  [from  a  Collins  Radio  Co.  Publ. ,  1978J  which  may  be  used 
to  determine  the  elevation  (take-off)  angle  of  a  skywave  HF 
circuit  for  a  given  patn  length  is  shown  in  Figure  2.9-1.  Tne 
range  of  elevation  angles  for  skywave  propagation  is  determined 
by  drawing  lines  down  from  the  minimum  ana  maximum  FOT  (optimum 
operating  frequency)  scales  for  the  desired  path  length  (e.g., 
800  km)  and  across  the  minimum  and  maximum  reflection  layer 
height  scales  as  indicated  in  the  example  given  along  with  the 
chart. 

Because  of  the  presence  of  the  ground,  the  elevation 
patterns  of  simple  omnidirectional  antennas  such  as  a  hori¬ 
zontal  and  a  vertical  half-wave  dipole  or  a  quarter-wave 
monopole  are  modified  and  their  efficiencies  (gains)  are  re¬ 
duced  due  to  the  finite  conductivity  of  the  ground.  Tne  ele¬ 
vation  patterns  of  a  horizontal  dipole  and  a  vertical  dipole  a 
half-wavelength  above  a  ground  of  finite  conductivity  have  been 
computed  by  Jordan  [1950]  and  are  snown  in  Fig.  2.9-2.  The 
parameter 
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the  Axis  of  the  Dipole)  of  a  Horizontal  Dipole 
-Wavelength  Above  an  Earth  of  Finite  Conductivity 
om  Jordan,  1950) 


Fig.  2 . 9-2 (b)  Vertical  Radiation  Pattern  of  a  Vertical  Dipole 
1/2-Wavelength  Above  an  Earth  of  Finite  Con¬ 
ductivity  (from  Jordan,  1950) 


n  =  x/er  where 

=  relative  dialectric  constant  of  earth 
18  x  10 3o 

x  f 

MHz 

a  =  conductivity  of  earth,  mhos/m 
n  =  00  corresponds  to  perfect  ground. 

The  patterns  of  Figures  2. 9-2 (a)  and  (b)  are  voltage 
patterns.  A  value  of  2.0  corresponds  to  a  gain  of  7.8  dB/iso- 
tropic.  Note  that  while  the  gains  of  the  vertical  and  nori- 
zontal  dipole  are  the  same  over  perfect  ground,  the  horizontal 
dipole  is  much  better  over  poor  ground.  The  gain  of  a  hori¬ 
zontal  half-wave  dipole  at  HF  is  between  6  and  8  dB  aoove  iso¬ 
tropic  at  beam  maximum  unless  the  ground  is  very  poor  or  tne 
antenna  is  unusually  close  to  ground  (<A/4).  Tne  vertical 
plane  patterns  of  vertical  antennas  are  modified  to  a  much 
greater  extent  by  imperfect  ground.  Figure  2.9-3  snows  the 
gain  of  a  quarter-wave  vertical  monopole  over  good  ground  as 
well  as  the  gain  of  tne  same  monopole  over  a  perfect  ground 
plane.  At  a  radiation  angle  along  the  ground(0°),  the 
vertical  quarter-wave  monopole  over  good  ground  has  a  gain  of 
around  -3  dB  to  -4  dB  in  the  band  between  3  to  30  MHz.  A 
vertical  quarter  wave  monopole  over  perfect  ground  has  a  gain 
of  5.15  dB.  However,  the  gain  of  the  vertical  monopole  over 
imperfect  (good)  ground  is  still  higher  than  chat  of  a  hori¬ 
zontal  dipole  at  0°  elevation  (Fig.  2.9-2).  For  skywave 
propagation  at  a  radiation  angle  of  30°,  the  gain  of  the 
quarter-wave  monopole  at  10  MHz  is  about  +.5  dB  over  good 
ground  and  +3.3  dB  over  perfect  ground.  On  the  otner  hand,  the 
gain  of  a  horizontal  half-wave  dipole  a  half-wave  above  ground 
is  6  to  8  dB  at  the  angle  of  maximum  radiation  (30°  from  Fig. 
2.9-2(a)).  The  advantage  of  the  horizontal  antenna  is  seen  to 
be  significant  even  if  the  vertical  monopole  is  over  perfect 
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Fig.  2.9-3  Comparison  of  the  Gain  of  a  Perfect  Quarter.-Wave  Vertical 
Monopole  over  Good  Ground  and  over  Perfect  Ground 
(from  Collins  Radio,  1978) 


ground.  Of  course  raising  a  horizontal  antenna  to  49  ft. 
(half-wavelength  at  10  MHz)  might  not  be  convenient,  or  tne 
expense  might  not  be  justifiable.  Raising  the  vertical  antenna 
above  ground  would  not  help  much.  The  gain  of  a  vertical  half¬ 
wave  dipole  a  half-wavelength  above  good  ground  would  be  about 
+0.3  dB. 

From  these  considerations  and  others  we  can  then  sum¬ 
marize  the  choice  between  vertical  and  horizontal  polarization 
for  HF  circuits  as  follows. 

Vertical  polarization  is  the  obvious  choice  in  tne 
following  situations: 

(1)  For  surface  or  ground  wave  propagation. 

,  (2)  Where  a  simple  broadband  omnidirectional 

radiator  is  required. 

(3)  Where  long  distances  are  to  oe  covered  by  sky- 
wave  and  a  horizontal  antenna  for  some  reason 
cannot  be  raised  to  a  sufficient  height. 

(4)  wnere  radiation  near  the  horizon  and  a  broad 
elevation  pattern  are  required. 

Horizontal  polarization  is  preferaole  in  the  following 
situations : 

(1)  Where  a  rotatable  omnidirectional  antenna  is 
required. 

(2)  On  most  short-range  near-vertical-incidence 
skywave  (NVIS)  propagation  circuits  (0-300 
miles)  due  to  lower  noise  and  higher  gain  at 
radiation  angles  near  the  zenith,  unless  ter¬ 
rain  is  favorable  for  surface-wave  propagation. 

(3)  Where  man-made  noise  propagated  by  surface 
waves  may  be  a  problem  (near  cities) 
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(4)  In  the  common  situation  where  high  gain  is  re¬ 

quired  and  the  horizontal  antenna  can  he  raised 
to  the  optimum  height  for  the  required 
radiation  angle  (the  horizontal  antenna  has 
higner  directivity  gain  over  ground  than  the 
corresponding  vertical  antenna  although  its 
efficiency  may  he  lower  if  the  optimum  height 
is  too  close  to  the  ground,  i.e.,  less  than  a 
quarter  wavelength) . 

The  last  situation  exists  in  many  land-based  HF  skywave 
circuits  and  accounts  for  the  general  use  of  horizontal  polari¬ 
zation  on  such  circuits,  unless  omnidirectional  requirements  or 
mechanical  convenience  dictates  the  use  of  a  simple  vertical 
radiator . 
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SECTION  3 

AM,  SSB  and  DIGITAL  MODULATION  SYSTEM  PERFORMANCE 


3.0  Introduction 

In  this  section,  we  discuss  the  performance  of  the 
analog  and  digital  modulation  techniques  most  commonly  used  for 
HF  communications  by  the  military.  The  performance  of  AM  (also 
referred  to  as  DSB-AM)  and  SSB-AM  radios  is  discussed  m 
Section  3.1  in  terms  of  the  signal-to-noise  ratio.  The  dis¬ 
cussion  of  digital  modulation  tecnniques  is  limited  to  binary 
non-coherent  frequency  snift  keying  (NCFSK)  as  this  is  tne 
technique  most  commonly  used  to  transmit  low  data  rates  with 
Army  HF  radios.  The  performance  of  NCFSK  systems  is  considered 
in  Section  3.2  We  use  as  a  measure  of  performance,  tne  Dit  or 
element  error  prooability  as  a  function  of  signal-to-noise 
ratio.  Non-fading,  flat-fading  and  frequency  selective  fading 
conditions  are  considered  in  the  discussion  of  AM,  SSB-AM  and 
NCFSK. 

3. 1  AM  and  SSB  System  Performance 

Amplitude  modulation  (AM)  and  single-sideband  (SSB) 
modulation  are  commonly  used  in  voice  radio  communications  at 
high  frequencies  (HF)  and  also  in  the  broadcast  frequency  range 
(300  kHz  to  3  MHz)  for  two  primary  reasons.  First,  Decause 
they  are  inherently  narrowband,  they  are  more  spectrally  effi¬ 
cient  than  otner  analog  modulation  formats  sucn  as  FM,  thus 
allowing  a  greater  number  of  channels  (users)  in  a  given  fre¬ 
quency  band.  Second,  being  narrowband  systems,  tney  are  less 
susceptible  to  frequency  selective  fading  than  wider  Dand  modu¬ 
lation  formats.  Since  AM  and  SSB  are  CW  (analog)  systems, 
their  performance  is  usually  given  in  terms  of  tne 
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signal-to-noise  ratio  at  the  receiver  input  and  output.  Thus, 
in  this  section  we  will  determine  the  output  signal-to-noise 
ratio  of  AM  and  SSB  systems  in  the  presence  of  narrowband 
Gaussian  noise  and  also  in  the  presence  of  flat-fading  and 
selective  fading. 

3.1.1  Non-Fading  AM  Performance 

The  AM  signal  at  the  output  of  the  IF  amplifier  in  an 
AM  receiver,  in  the  absence  of  fading,  consists  of  an  amplitude 
modulated  carrier  and  noise: 

x(t)  =  Ac  [1+mf  (t)  ]  cos  <i>0 1  +  n(t)  (3.1-1) 

where 

Ac  =  carrier  amplitude 

f(t)  =  information  carrying  signal  (|f(t)|<l) 

m  =  modulation  index  (nKl) 

n(t)  =  bandpass  Gaussian  noise 

The  information  signal  f(t)  is  recovered  by  passing 
x(t)  through  a  detector  and  an  audio  filter  to  remove  the  fre¬ 
quency  components  above  tne  information  (baseoand)  bandwidth, 

B,  as  well  as  DC  components.  Most  AM  detectors  are  non-linear 
devices  (e.g.,  square-law  devices)  and  for  this  reason  the 
noise  at  the  output  of  the  detector  is  greater  than  at  the 
input. 

The  output  SNR  of  a  square-law  envelope  detector 
followed  by  a  baseband  filter  (Audio)  is  given  by  [Schwartz, 
Bennet  and  Stein,  1966J 


SNR.  = 
o 


2 .2 
m  Ac 


2N(l-t~r) 

4A_ 


(3.1-2) 


where  N  is  the  noise  power  in  the  IF  (or  RF)  bandwidth  W. 
Since  the  IF  bandwidth  of  AM  receivers  is  twice  the  baseband 
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bandwidtn,  then  the  noise  power  may  be  expressed  in  terms  of 
the  baseband  bandwidtn,  B,  and  the  noise  density,  n,  as 


N  =  21B 


(3.1-3) 


The  carr ier-to-noise  ratio  at  the  input  of  the  detector 
is  given  by: 


P 


(3.1-4) 


Thus,  the  output  SNR  of  an  AM  radio  for  large  ana  small  car- 
r ier-to-noise  ratios  is: 


SNR 

o 


2 

m  p 


P>>1 


(3.1-5) 


SNR 

o 


o  2  2 

8m  p 
3 


P<<1 


(3.1-6) 


wnich  shows  that  tne  output  of  an  AM  receiver  is  linearly  pro¬ 
portional  to  the  input  for  large  car rier-to-noise  ratio  and 
quadratic  for  small  p.  The  signal  suppression  for  small  P 
results  from  tne  carrier  sinking  below  tne  rms  noise  level  /nT 

Tne  output  SNR  of  an  AM  system  is  independent  of  the  AM 
bandwidth  as  opposed  to  FM.  Widening  the  AM  bandwidth  leads  to 
additional  noise  and  the  possibility  of  interference  from 
adjacent  channels.  The  bandwidth  is  thus  chosen  as  large  as 
necessary  to  accommodate  the  signals  transmitted  and  no 
larger.  Thus,  if  the  bandwidth  of  tne  information  signal  f(t) 
is  B  Hz,  then  the  bandwidth  of  the  AM  signal  W  is  2B  Hz  cen¬ 
tered  around  the  carrier  frequency.  The  RF  and  IF  filters  in 
the  AM  receiver  must  have  a  passband  of  2B  Hz  which  restricts 
the  frequency  separation  between  channels  to  be  greater  than 
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this  bandwidth 


3.1.2 


Non-Fading  SSB  Performance 


The  RF  spectrum  of  an  AM  waveform  is  symmetric  about 
the  carrier  frequency  ana  its  bandwidth  is  twice  the  baseband 
(information)  bandwidth  B.  Each  portion  of  the  spectrum  above 
and  below  the  carrier  is  called  a  siaeband  ana,  since  each 
sideband  has  tne  same  spectral  shape,  then  it  must  contain  the 
same  information.  Thus,  it  is  possible  to  design  an  AM  trans¬ 
mitter  that  transmits  a  single  siaeband  in  order  to  save  RF 
bandwidth  at  the  expense  of  complexity.  A  single  sideband 
(SSB)  AM  transmitter  generates  a  waveform  of  the  form 


s  ( t )  =  A  {  f  ( t )  cos  <D  t  -  f(t)  sin  0)ot}  (3.1-7) 

where 

A  =  is  the  signal  peak  amplitude 

f(t)  =  information  carrying  signal  (|f(t)|^l) 

f(t)  =  Hiloert  transform  of  f(t) 

The  envelope  of  a  single-sideoand  signal  is  a  non¬ 
linear  function  of  tne  information  and  for  this  reason  cannot 
be  detected  using  envelope  detectors  as  in  the  case  of  simple 
AM.  Instead  SSB  signals  are  normally  aetected  using  coherent 
receivers  (homodyne) .  If  tne  homodyne  (demodulator )  carrier 
does  not  have  the  correct  frequency  and  pnase,  tne  recovered 
signal  waveform  will  be  distorted. 


A  detected  SSB  signal  witn  frequency  and  phase  errors 
in  tne  presence  of  noise  is  of  the  form: 


sd(t)  =  A  f  (t)cos(wdt+<t>)  +  A  f  (t)sin(u>dt+<j>) 
+  nc(t) 


(3.1-8) 
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wnere  ooa  is  the  frequency  offset,  0  is  tne  phase  error  ana 
n  (t)  is  the  in-phase  component  of  the  noise.  In  the  aosence 
of  any  frequency  or  phase  errors,  the  baseband  peak  signal-to- 
noise  ratio  is  given  oy: 


SNRo  =  2N 


(3.1-9) 


~2 

where  N=nc .  The  effect  of  the  phase  and  frequency  error 
is  to  introduce  a  component  proportional  to  the  Hilbert  trans¬ 
form  of  the  signal.  Some  types  of  signals  such  as  speech 
tolerate  this  form  of  distortion  up  to  several  Hertz  frequency 
error.  Others  such  as  television  or  data  transmission  systems 
can  be  severely  degraded  by  small  frequency  errors.  When  only 
a  pnase  error  is  present,  the  desirea  output  f(t)  is  reduced  as 
the  phase  error  0  increases  from  0,  wnile  the  distortion  term 

A  A 

f(t)  increases.  If  0=tt/2,  in  particular,  only  f(t)  appears  at 
the  output.  Interestingly,  the  human  ear  is  insensitive  to 
pnase  changes  in  signals  (£(t)  is  a  90°  phase  shifted  version 
of  f(t)).  However,  phase  distortion  becomes  quite  noticeable 
in  TV  and  other  signals  (digital)  wnen  tne  pnase  shift  0 
approaches  tt/2.  SSB  receivers  must  thus  De  synchronized  in 
frequency  and  phase. 

Various  metnods  of  synchronizing  the  local  carrier 
exist.  Typically,  a  small  amount  of  unmodulated  carrier  energy 
is  sent  as  a  pilot  signal  and,  after  extraction  at  the  re¬ 
ceiver,  is  used  to  provide  the  necessary  synchronization. 

In  order  to  compare  SSB  with  AM,  it  is  convenient  to 
express  the  noise  power  in  terms  of  a  noise  power  density  n  and 
the  RF  (i.e.,  IF)  bandwidth  W.  Thus,  letting  N=nw  and  re¬ 
calling  that  the  SSB  (IF)  bandwidth  equals  the  baseband  (audio) 
oandwidtn,  B,  while  the  AM  (IF)  bandwidth  is  twice  the  baseband 
bandwidth  we  find  from  (3.1-5)  and  (3.1-9)  tnat  tne  audio 
speecn  signal-to-noise  ratio  is  given  by: 


SNR 

O 


2*2 
m  A 

c 


4nB 

A2 

2nB 


AM 

SSB 


(3.1-10) 


If  we  define  the  AM  car rier-to-noi se  density  ratio  as 
.  2 


AM 


2n 


(3.1-11) 


and  the  SSB  RF  PEP  (pea*  envelope  power)  signal-to-noise 
density  ratio  as: 

„  2 


SSB  2  n 


(3.1-12) 


we  see  that  PgSB  can  be  3  dB  lower  than  if  the  speecn- 

to-noise  ratio  of  a  SSB  signal  is  equal  to  that  of  a  100%  (m=l) 
modulated  AM  signal. 

Equations  (3.1-10)  through  (3.1-12)  provide  us  with  a 
means  for  estimating  the  required  signal-to-noise  ratio  for  SSB 
systems  as  well  as  AM  systems  from  test  results  made  on  either 
system.  However,  it  should  oe  kept  in  mind  that  in  deriving 
the  expression  for  SSB  signals,  complete  carrier  suppression 
has  been  assumed.  The  RF  signal-to-noise  density  ratio  for  an 
actual  SSB  signal  (with  a  reduced  carrier)  must  be  nigher  than 
that  for  a  conceptual  SSB  signal  witnout  carrier  by  a  correc¬ 
tion  factor  that  depends  on  the  carrier  reduction.  Akima,  et 
al. ,  [1969]  quote  correction  factors  of  6.0  dB,  1.5  dB,  .9  dB, 
.4  dB  and  .2  dB  for  SSB  systems  with  carriers  emitted  at  power 
levels  of  6  dB,  16  dB,  20  dB,  26  dB,  32  dB  and  40  dB  oelow  the 
peak  envelope  power. 
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Various  criteria  for  estimating  the  required  signal- 
to-noise  ratio  for  a  voice  signal  of  just  usable  quality  nave 
been  quoted  in  the  literature.  Some  of  these  criteria  are: 

60%  phonetically  balanced  (PB)  word  articulation 
90%  sentence  intelligibility 
An  articulation  index  of  0.3 

No  one  criterion  has  been  proved  superior  to  the  others. 
Differences  of  several  dB  in  required  signal-to-noise  ratio 
result  from  the  adoption  of  several  criteria.  Even  if  a  single 
criterion  is  used,  several  values  of  tne  required  SNR  (for  a 
given  criterion)  have  been  reported  by  different  investi¬ 
gators.  Akima,  et  al. ,  (1969]  have  used  the  criterion  of  90% 
sentence  intelligibility  to  determine  tne  required  signal-to- 
noise  (SNR)  ratios  and  signal-to-noise  density  (p^  ana 
PSSB)  ratios  for  SSB  and  100%  modulation  AM  from  tests  con¬ 
ducted  by  various  investigators.  These  values  are  reproduced 
in  Table  3.1.  The  tests  of  PB  word  articulation  versus  car- 
r ier-to-noise  density  ratio  used  by  Akima  are  also  listed  in 
the  table. 

The  required  signal-to-noise  ratios  listed  in  Taoie  3.1 
are  distributed  in  a  range  as  wide  as  lb  dB.  Average  values 
and  standard  deviations  are  given  at  the  bottom  of  the  tables. 
Since  no  one  criterion  has  been  found  to  be  better  than  tne 
other,  Akima,  et  al.,  [1969]  suggest  that  the  values  of  50  dB 
and  47  dB  oe  used  as  the  values  of  required  signal-to-noise 
density  ratio  for  voice  signal  of  just  usable  quality  for  AM 
(i.e.,  double  sideband  DSB-AM)  and  SSB  systems,  respectively. 
These  values  correspond  to  a  12  dB  signal-to-noise  ratio  in  a  6 
kHz  RF  bandwidth  for  AM  and  3  kHz  RF  bandwidth  for  SSB.  For 
voice  communications  of  good  commercial  quality,  an  additional 
17  dB  in  SNR  is  required  for  both  DSB-AM  and  SSB  systems.  If 
the  uncertainty  associated  with  the  adoption  of  the  criterion 
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TABLE  3 . 1 


Values  of  Required  Signal-to-Noise  Ratio  for  Voice 
Communication  of  90-Percent  Sentence  Intelligibility 
Taken  From  Various  Sources 


Required  Signal-to-Noise  Ratio  in  dB 

Data  Source  References 

DSB-AM 

SSB-AM 

Articulation 

Conver- 

Articulation 
index  based 

s  ion  ffoni 

Carrier- 

Carrier- 

PEP- 

PEP- 

word  ar- 

on  voice 

to-noise 

to-noise- 

to-noise 

to-noise- 

ticulation 

spectrum 

(6  kHz) 

density 

(3  kHz) 

density 

to  sen- 

given  by 

ratio 

ratio 

ratio 

ratio 

tence 

2 

2 

.2 

2 

intel- 

A 

c 

4nB 

A 

c 

2n 

A 

2qB 

A 

2n 

ligibility 

by 

11 

49 

11 

46 

Cunningham 
et  al.  (1947) 

— 

17 

55 

17 

52 

Licklider  It 
Goffard  (1947) 

Licklider 

— 

9 

47 

11 

46 

Craiglow  et 
al.  (1961) 

&  Goffard 
(1947) 

— 

20 

58 

20 

55 

Ewing  & 

Huddy  (1966) 

6 

44 

6 

41 

Cunningham 
et  al.  (1947) 

— 

11 

49 

ii 

46 

Licklider  Sc 
Goffard  (1947) 

Kryter 

— 

4 

42 

6 

41 

Craiglow 
et  al.  (1961) 

(1962a) 

— 

14 

52 

14 

49 

Ewing  and 
Huddy  (1966) 

— 

10 

48 

10 

45 

Griffiths 

Griffiths 

_ _ 

(1968) 

(1968) 

12 

50 

12 

47 

— 

— 

Beranek  (1947) 

16 

54 

16 

51 

— 

— 

Kryter  (1962a) 

11.8 

49.8 

12.0 

47.  0 

Mean  value 

4.  5 

4.  5 

4.4 

4.  4 

Standard  deviation 

PEP  stands  for  peak  envelope  power. 
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for  just  usable  voice  quality  is  also  taken  into  account,  the 
estimated  dispersion  associated  with  the  values  of  required 
signal-to-noise  density  ratio  is  quoted  by  Akima  [1969]  as 
5  dB. 

The  values  of  required  SNR  listed  in  Table  3.1  are 
applicable  when  the  noise  is  Gaussian.  On  HF  channels,  how¬ 
ever,  the  noise  is  mostly  atmospheric  and  man-made  noise  which 
are  impulsive  in  nature.  Tests  carried  by  Licklider  and 
Goffard  (1947)  with  DSB-AM  signals  in  impulsive  noise  con¬ 
sisting  of  irregularly  spaced  pulses  indicate  that,  if  no  noise 
limiter  is  used,  the  required  carr ier-to-noise  ratio  can  be  5 
to  10  dB  lower  than  that  required  for  Gaussian  noise.  Tnus, 
the  values  of  required  SNR  given  in  Table  3.1  are  pessimistic 
for  non-fading  conditions.  However,  they  have  no  allowance  for 
noise  due  to  fading. 

3.1.3  Frequency-Flat  Fading  AM  and  SSB  Performance 

* 

When  a  radio  wave  modulated  Dy  a  voice  signal  is  fading 
at  a  high  rate,  on  the  order  of  several  Hertz  or  nigner,  or 
wnen  the  fading  is  frequency  selective,  i.e.,  wnen  different 
portions  of  the  spectrum  of  tne  signal  are  fading  differently, 
the  voice  signal  suffers  severe  degradation.  When  the  faaing 
is  slow  (below  1  Hz)  and  flat,  the  subjective  effect  on  a 
listener  may  not  be  too  bad  as  the  fading  results  in  inter¬ 
mittent  attenuation  of  tne  voice  signal.  We  may  estimate  tne 
distortion  of  AM  and  SSB  signals  due  to  fading  by  calculating 
the  signal  suppression  noise  as  follows.  When  tne  modulation 
bandwidth,  B,  is  much  smaller  than  tne  coherence  bandwidth,  tne 
fading  is  frequency  flat  over  the  signal  band.  Then  tne  output 
of  an  AM  envelope  detector  (in  the  region  above  threshold)  is: 

v  ( t)  =  A  ( t)  {1  +  mf  ( t)  }  +  nc(t)  (3.1-13) 
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where  f(t)  is  the  information  signal,  m  is  the  modulation  index 
(m=l  for  100%  modulation),  A(t)  is  the  fading  imposed  by  the 
medium  and  nc(t)  is  the  low  pass  in-phase  component  of  the 
noise.  Similarly,  the  output  of  SSB  coherent  detector  is: 

S . (t)  =  A(t)  [f(t)cos0  +  f  (t ) sin6 ]  +  n  (t)  (3.1-14) 

d  c 


where  0  is  the  phase  fluctuation  introduced  by  the  medium  and 
it  varies  at  the  fade  rate,  A(t)  is  the  amplitude  fluctuation, 
and  £ (t)  is  the  Hilbert  transform  of  the  information  signal 
f  (t)  . 

(a)  Slow-Fading  Performance 

If  the  fading  is  very  slow  (less  than  1  Hz)  its 
effect  is  merely  the  intermittent  attenuation  of  the  voice 
signal.  Therefore,  the  mean  (average)  signal-to-noise  ratio  of 
an  AM  envelope  detector  is 


SNR 


2  2 
m  <A  > 

4nB 


(3.1-15) 


where  n  is  the  noise  density  (noise  power  per  Hertz)  .  Tms 
expression  is  similar  to  that  for  steady  conditions  (3.1-10) 
except  that  the  mean  carrier  power  is  now  averaged  over  the 
fading . 

Equation  (3.1-15)  indicates  tnat  the  output  SNR 
depends  on  the  statistics  of  the  fading.  As  mentioned  in 
Section  2,  tnere  are  no  statistics  available  tor  short  range 
(ground  wave)  HF  propagation  in  uroan  areas.  From  purely 
theoretical  considerations,  the  surface  wave  component  of  the 
ground  wave  may  be  considered  as  a  specular  component  wniie  tne 
space  (or  diffraction)  field  due  to  antenna  elevation  will 
result  in  a  Rayleigh  fading  component.  On  tne  otner  hand,  if 
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the  distances  involved  are  very  long,  tnen  propagation  is  via 
the  skywave  which  exhibits  Rayleign  fading. 


For  Rician  fading  (specular  plus  Rayleigh  faamg 
component) ,  tne  average  AM  signal-to-noise  ratio  is  given  oy 


where  Aq  is  the  amplitude  of  the  specular  component  and  a  is 
the  mean  power  in  tne  Rayleigh  component. 

The  average  signal-to-noise  ratio  for  SSB  systems 
in  the  presence  of  very  slow  fading  (which  allows  pnase 
tracking,  i.e.,  Q=0)  is  also  similar  to  the  no-fading  case  and 
is  given  by 


When  tne  specular  component  is  mucn  greater  tnan 

2 

the  Rayleigh  fading  component  (AQ>>a) ,  the  average  SNR  tor 
AM  and  SSB  is  identical  to  tnat  for  the  no-fading  case.  Tne 
required  SNR  for  just  usable  voice  is  tne  same  as  tnose  listed 
in  Table  3.1. 

2 

On  the  other  hand  when  ct>>Ao,  tne  performance 
of  AM  and  SSB  systems  is  degraded  compared  to  tnat  for  tne 
no-fading  case  as  a  higher  mean  carr ler-to-noise  density  ratio 
(ot/2n)  is  required  to  attain  the  required  PB  word  articula¬ 
tion.  Akiraa  [1969]  has  shown  that  the  mean  car r ler-to-noise 
ratio  for  60%  PB  word  articulation  (just  usable  voice)  in  Ray¬ 
leigh  fading  must  be  1  dB  greater  than  that  required  under 
no-fading  conditions  wnen  no  diversity  reception  is  used.  rni 
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requirement  may  be  improved  by  3  dB  if  dual  selection  diversity 
reception  is  used.  This  value  indicates  that  wnen  dual  selec¬ 
tion  diversity  is  used  the  mean  carrier-to-noise  density  ratio 
(a/2n)  for  Rayleigh  fading  signals  can  be  2  dB  lower  than  for 
non-fading  signals  for  an  equal  articulation  score.  These 
results  are  summarized  in  Table  3.2. 

(b)  Fast-Fading  Performance 

The  previous  results  are  valid  as  long  as  the 
fading  is  sufficiently  slow.  When  individual  syllables  in  a 
word  or  individual  words  in  a  sentence  fade  independently  (fast 
fading),  expressions  (3.1-16)  and  (3.1-17)  for  the  average 
signal-to-noise  ratio  are  no  longer  valid.  In  this  case,  it  is 
more  appropriate  to  define  the  AM  signal  output  as  the  average 
value  v(t)  of  the  detector  output  (since  the  noise  is  zero 
mean) .  Tne  remainder  of  the  output  is  zero  mean  and  uncorre¬ 
lated  with  v(t)  and  is  defined  as  the  noise,  n_(t),  plus  sig- 
nal-suppression  noise,  ny(t) ,  due  to  fading.  Hence,  the  out¬ 
put  of  an  AM  envelope  detector  may  De  expressed  as  [Jakes, 

1974]  . 

v ( t)  =  v(t)  +  n  (t)  +  n  (t)  (3.1-18) 

V 


wnere 


v ( t )  =  <A>  [1+mf ( t) ] 


(3.1-19) 


nv(t)  =  [A(t)-<A>]  [l+mf(t)] 


(3.1-20) 


The  signal-to-noise  ratio  is  then  given  by: 


(SNR) 


<  v(t)  r> 


AM 


<  n  >+<  n 


2  2 
m  <A>  /2 


(1+J  )  [<A2>-<A>2]+2riB 


(3.1-21) 
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TABLE  3.2 

Required  Signal-to-Noise-Density  Ratios  for 
Various  Voice  Communication  Systems 


Type  of  Service 


Emission 

desig-  Description 
nation 


Required  Signal-to-Noise-Density  Ratio  (dB) 


Just  usable  quality 


Good  commercial 


Stable  Fading  con-  Stable  I  Fading  con 

con-  dition  con-  I  dition 

dition  - - -  dition 

No  Dual 

diver-  diver¬ 
sity  sity 


DSB-AM 


SSB  -  AM 

reduced 

carrier* 


SSB -AM 

suppressed 

carrier 


ISB-AM 
two  voice 
channels 


ISB-AM 
three  voice 
channels 


ISB-AM 
four  voice 
channels 


Signal -to-noise-density  ratio  is  the  ratio  of  carrier  power  to  average  noise 
power  contained  in  a  1-Hz  bandwidth  for  6A3  emissions  and  is  the  ratio  of 
signal  peak  envelope  power  to  average  noise  power  in  a  1  -Hz  bandwidth  for 
other  types  of  emissions.  For  fading  conditions  carrier  and  signal  peak 
envelope  powers  should  be  interpreted  as  median  values. 

"Carrier  emitted  at  a  level  20  dB  below  the  peak  envelope  power. 


where  the  brackets  <•>  denote  ensemble  averaging  over  all  ran¬ 
dom  variables.  The  baseband  (output)  SNR  is  again  seen  to 
depend  on  the  statistics  of  the  fading  and  in  particular  on  tne 
mean  and  mean-squared  values  of  the  carrier  amplitude  A. 

From  (3.1-21),  it  is  clear  tnat  when  the  signal- 
suppression  noise,  ny(t),  is  greater  than  the  thermal  (or 
ambient  noise) ,  the  baseband  SNR  is  approximately  given  by  the 
signal-to-signal-suppression  noise  ratio  (maximum  effective 
SNR)  : 


(y)AM 


< 1 v ( t )  j2> 
<|nv(t) |2> 


m 


<A> 


2+m 


2  2 
<A  >-<A> 


(3.1-22) 


When  the  fading  is  Rician  distributed,  the  mean 
and  mean-squared  values  of  the  carrier  are  given  by: 


<A>  .  e‘A°2/“ 


( 3 . l-23a) 


2  2 
<A  >  =  A  +  a 
o 


(3 . l-23b) 


where  AQ  is  tne  amplitude  of  the  specular  component,  a  is  the 

mean  power  in  tne  Rayleigh  fading  component  and  is  the 

confluent  hypergeometric  function.  Using  asymptotic  expansions 

of  the  hypergeometric  function  for  the  cases  of  a  weak  Rayleigh 

2 

fading  component  (A  >>a)  and  weak  specular  component 
2  o 

(AQ<<a)  ,  it  can  be  shown  that 


< I v ( t ) 12> 
<|ny(t) |2> 


(3.1-24) 
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Thus,  the  signal-suppression  noise  is  only  significant  when  the 
specular  component  is  weak  (A*  <<09  which  corresponds  to 
near-Rayleigh  fading  situation.  The  signal-to-signal  suppres¬ 
sion-noise  ratio  is  greatest  when  the  modulation  index  is 
unity,  and  even  in  this  case  it  is  in  the  order  of  0  dB  whicn 
is  well  below  the  required  12  dB  (in  a  6  kHz  IF  bandwidth)  for 
just  usable  voice  (Table  3.1).  Typically,  tne  modulation  index 
is  in  the  order  of  .4  to  .5  in  order  to  avoid  overmodulation 
(distortion  due  to  saturation)  of  the  RF  amplifier,  and  in  this 
case  the  signal  suppression  noise  is  in  the  order  of  3  times 
the  signal. 

Some  improvement  can  be  achieved  by  using  diver¬ 
sity  reception.  In  this  case,  Jakes  [1974]  has  shown  that  the 
signal-to-signal-suppression  noise  in  pure  Rayleigh  fading 
(Ao~°)  is  given  by: 


Y 


livW  l2> 

<|nv(t) |2> 


M 

( 4 — tt)  l  ak 
k=l  K 


(3.1-25) 


where  M  is  the  number  of  diversity  branches  and  is  the 
mean  signal  power  in  each  diversity  brancn.  If  ail  the  signals 
are  of  equal  average  strength  (a^=a)  ,  then 


Y 


7TM 

4  -ir 


(3.1-26) 


which  implies  a  prohibitively  large  order  of  diversity  to  in¬ 
crease  the  signai-to-signal-suppression-noise  ratio  in  pure 
Rayleigh  fading  by  a  reasonable  amount.  Tne  maximum  effective 
baseband  SNR  (  y  )  as  a  function  of  the  order  of  diversity  is 
shown  in  Fig.  3.1-1  for  a  modulation  index  S=m^/2=0.1. 
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Fig.  3.1-1  Signal-To-Signal-Suppression-Noise 
Ratio  in  AM  Systems  With  and  With¬ 
out  Filtering  vs.  Diversity  Order. 

(from  Jakes,  1974) 
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When  the  fading  rate,  fm,  is  lower  than  the 
lowest  baseband  frequency  (~150  Hz) ,  then  the  fading  noise  can 
be  considerably  reduced  by  filtering.  In  this  case,  the  noise 
is  associated  with  the  broadening  of  the  modulation  spectrum, 
the  component  due  to  the  carrier  fading  is  suppressed,  leaving 
as  the  signal-suppression-noise 


rv(t)  *  mf { t )  l  l\(t)  -  <^>1 
k—  1 


(3.1-27) 


The  signal-suppression-noise  power  can  be  calculated  as  before 
so  that  the  signal-to-signal-suppression  noise  ratio  with  fil¬ 
tering,  y£,  in  pure  Rayleigh  fading  (worst  case)  becomes 


(assuming  equal  a^) 

TT  w 

Y,  =  -  M 

'  f  4-tt 


(3.1-28) 


The  maximum  effective  baseoand  SNR  (Yf)  is  thus  improved  over 
the  unfiltered  case  (Eq.  (3.1-26))  by  a  factor  of 
l+2/m2*i+l/S.  Furthermore,  the  baseband  SNR  with  filtering 
is  independent  of  the  modulation  index  and  is  also  plotted  in 
Fig.  3.1-1  as  a  function  of  the  order  of  diversity.  Tnis  curve 
shows  that  fifth  (M=5)  order  diversity  as  well  as  filtering 
must  be  used  in  order  to  achieve  the  required  SNR  (-12  dB)  for 
just  usable  voice. 

The  signal-to-signal-suppression-noise  ratio  for 
SSB  transmission  is  similar  to  tnat  for  AM  witn  filtering  (SSB 
does  not  have  a  carrier)  provided  that  the  fading  is  slow 
enougn  that  phase-tracking  is  possible.  In  tnis  case,  tne  sig- 
nal-to-signal-suppression-noise  in  arbitrary  fading,  is: 


SSB  .  M  2 


(3 . l-29a) 


<  Z  [ A. -<A.  >  ]  > 
k=l 
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where  we  have  assumed  that  Mth  order  diversity  is  used.  When 
all  the  diversity  signals  are  identically  distributed,  this 
equation  reduces  to 


<Y> 


SSB 


<a>2m 

2  2 
<A  >-<A> 


(3. l-29b) 


Equation  (3.1-29b)  is  plotted  in  Fig.  3.1-2  for 
the  case  of  Rician  fading  as  a  function  of  the  specuiar-to-Ray- 
leigh  component  power,  A*/ct,  for  the  dual  (M=2)  and  no¬ 
diversity  (M=l)  cases.  For  comparison  purposes,  we  have  also 
plotted  the  corresponding  ratio  for  DSB-AM  (Eq.  (3.1-22))  with 

100%  modulation  (m-1) .  From  these  curves,  we  see  that  when 
2 

Aq/  a<  .5,  the  signal-to-signai-suppression  noise  ratio  is 

identical  to  that  for  pure  Rayleign  fading  (see  Eq.  (3.1-24)). 

In  this  case,  the  fading  has  a  disastrous  effect  on  both  AM  and 

SSB  and  large  orders  of  diversity  are  required  to  bring  the  SNR 

to  a  just  usable  voice  level  (Y~12  dB)  and  even  greater  to  a 

level  for  good  quality  voice  (Y ~30  dB) .  When  the 

specular-to-Rayleigh  component  power  is  greater  tnan  unity,  the 

signal-to-signai-suppression  noise  in  dB  increases  linearly 
2 

with  Aq/ a  so  that  the  effect  or  fading  is  less  severe  and 
lower  orders  of  diversity  are  necessary  to  bring  y  to  an  ac- 
ceptade  level.  In  fact,  when  A‘/a>7,  no  diversity  is 
necessary  for  SSB  while  the  equivalent  threshold  for  DSB-AM  is 
Aq/  a>24. 

When  the  specular-to-Rayleigh  component  ratio  is 
too  low,  further  improvement  in  the  signal-to-signal  suppres¬ 
sion-noise  ratio  (maximum  effective  SNR)  for  sufficiently  slow 
fading  (fm<i50  Hz)  may  be  ootained  by  the  proper  application 
of  automatic  gain  control  (AGC) . 


3.1.4  Frequency-Flat  Fading  AM  and  SSB  Performance 

with  AGC 

One  method  of  correcting  the  real  or  complex  envelope 
fading  of  AM  and  SSB  is  to  transmit  a  pilot  or  carrier  tnat  is 
used  for  gain  and/or  phase  control  at  the  receiver.  The  pilot 
must  oe  separated  sufficiently  in  time  or  frequency  to  avoid 
overlapping  the  signal  due  to  multipath  delay  spread  or  Doppler 
frequency  spread.  However,  as  tne  separation  is  increased, 
error  is  introduced  in  estimating  tne  envelope  correction  re¬ 
quired  [Jakes,  1974]. 

Another  method  employs  an  AGC  loop  detector  filter  to 
separate  the  channel  fluctuations  (say  f  <  150  Hz)  from  the 
modulation  (300  Hz  <  f<3  kHz)  and  to  correct  the  envelope  fluc¬ 
tuations  of  the  received  signal  [Onlson,  1974].  Tne  advantage 
of  using  this  method  is  that  it  doesn’t  require  the  trans¬ 
mission  of  a  special  signal  (pilot  tone) . 

In  either  case,  the  signal  component  at  the  output  of 
an  AM  envelope  detector  is  of  the  form 


V(t)  =  a(  ftT  U+mf(t)] 


(3.1-30) 


where  Ap(t)  is  the  envelope  of  the  pilot  when  a  special 
carrier  is  used.  If  an  AGC  loop  filter  is  used,  then  Ap  is 
given  by  [Ohlson,  1974] 


Ap(t)  =  i  h(t)*A(t)  [1+mf  ( t)  ] 


(3.1-31) 


wnere  h(t)  is  the  impulse  response  of  tne  AGC  loop,  whicn  in 
most  systems  is  a  simple  low  pass  RC  filter,  and  b  is  a  voltage 
reference  oias. 


The  gain  controlled  voltage,  Ap,  is  seen  to  fade  at 
the  same  rate  as  A(t)  but  with  correlation  less  than  one  due  to 


either  non-zero  delay  in  the  AGC  loop  or  frequency  separation 
between  the  pilot  and  the  AM  carrier.  Hence,  if  A(t)  is  Ray¬ 
leigh  fading  (worst  case)  so  is  Ap(t),  and  the  prooability 
density  of  the  amplitude  ratio  r (t)=A(t)/Ap(t)  is  (Jakes, 
1974]  * 


p  (R)  =  -JAilziim±R! ) 


[ (1+R2 ) 2-4X2R2 ] 3/2 


(3.1-32) 


where  A  is  the  correlation  Detween  A(t)  and  Ap(t). 

Since  the  gain  controlled  amplifiers  saturate  at  some 
maximum  gain  value,  9max=l/Amin»  the  detector  output  of  an 
AM  receiver  with  limited  AGC  is  more  realistically  given  by 


v(t)  =  rL(t)  [1+mf (t) ] 


(3.1-J3) 


where 


rL(t)  = 


A  ( t ) 

A -  =  gmavA(t)  if  A  (t)<A  . 

min  reax  P  min 


(3.1-34) 


Ap(t) 


if  Alt) >A  . 
p  min 


and  the  signal-to-signal  suppression  noise  ratio  is  given  Dy 


< |v(t) | 2> 


< | n  ( t)  j  2 >  2+m2  <r2>-<r  >2 

V  Jj  ii 


(3.1-35) 


This  ratio  has  been  calculated  by  Jakes  [1974]  for  tne  case  of 
Rayleign  fading  and  his  results  are  reproduced  in  Pig.  3.1-3 
where  (3.1-35)  is  plotted  for  S=m  /2=.l  and  various  corre¬ 
lation  amplitudes,  A  ,  versus  the  limiting  gain  of  the  AGC  nor- 
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«u*y\  > 


OIilVH  (3SI0N-N0B6S3Hddns-rrVNDIS/lVNJ)IS)  ind-LClO 
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malized  to  mean  carrier  power,  a/A^in.  As  seen  from  tnese 

curves,  there  is  an  optimum  level  at  which  to  limit  the  AGC  for 

each  correlation  amplitude,  X  ,  as  indicated  by  the  dashed  curve 

(the  optimum  is  rather  broad  though) .  On  the  other  nand,  when 
2 

Amin/a>l,  the  signal-to-signal  suppression  noise  ratio  is 
equal  to  that  in  the  absence  of  AGC  (i.e.,  Eq.  3.1-24). 

The  correlation  between  the  gain  control  voltage, 

Ap ( t ) ,  and  the  fading  envelope,  A(t) ,  is  very  close  to  unity 
when  the  frequency  separation  between  the  pilot  ana  the  carrier 
is  minimal,  or  wnen  tne  AGC  loop  time  constant,  t  ,  satisfies 
the  constraint  (Ohlson,  1974] 

f mT  <<!<<  0.1  BT  (3.1-36) 

Since  the  AGC  loop  filter  bandwidth  is  in  the  order  of  1/27tt, 
Eq.  (3.1-36)  requires  that  the  AGC  bandwidth  be  greater  than 
the  fading  rate,  fm,  but  smaller  than  the  lowest  modulation 
frequency,  0.1B.  Obviously,  these  two  constraints  can  only  De 
satisfied  if  tne  fading  rate  is  slower  than  the  lowest  modu¬ 
lation  frequency  to  begin  with.  If  it  is  not,  a  pilot  tone  AGC 
must  be  used. 

When  tne  amplitude  correlation  is  very  close  to  unity, 
an  optimum  signal-to-signal  suppression  noise  ratio  of  30  dB 
can  be  achieved  when  tne  limiting  gain  is  sucn  that  agm,.„ 

o  o  c  max 

=  “/'Wi°  to  10  • 

Tnese  results  also  apply  to  SSB  where  the  format  of  the 
detector  signal  output  is  different  from  that  of  a  DSB-AM 
system,  but  tne  AGC  concept  is  similar.  In  this  case,  tne  sig¬ 
nal-to-signal  suppression  noise  is  greater  by  a  factor  of 
1+2/m^  where  m  is  the  modulation  index  of  DSB-AM  system  which 
is  being  compared  with  SSB. 


3.1.5  Frequency-Selective  Fading  AM  and  SSB  Performance 

When  the  coherence  bandwidth  of  the  transmission  medium 
is  smaller  than  the  modulation  bandwidth,  B,  the  fading  intro¬ 
duced  by  the  medium  is  frequency  selective.  This  type  of 
fading  is  caused  by  multipath  propagation  when  the  multipath 
delay  spread  is  greater  tnan  the  inverse  of  the  modulation 
bandwidth,  B,  since  the  conerence  bandwidtn  is  approximately 
equal  to  tne  inverse  of  the  delay  spread.  At  HF  tnis  situation 
arises  when  energy  propagates  via  both  tne  ground  wave  and  sky- 
wave  or  when  skywave  propagation  predominates  and  the  skywave 
field  consists  of  many  returns  whose  delay  spread  is  greater 
than  .3  msec  (for  a  3  kHz  modulation  oandwidth) . 

We  may  estimate  the  distortion  of  AM  and  SSB  systems  oy 
calculating  tne  effective  signal-to-noise  ratio  as  before. 

This  may  oe  done  by  representing  the  impulse  response  of  the 
frequency-selective  transmission  medium  as 


L  j0k 

h(t)  =  A  6(t)  +  I  A  e  <5(t-tJ  (3.1-37) 

°  k=l  K  K 

wnere  tne  A^  are  tne  gains  (attenuations)  of  each  path  (re¬ 
turn)  ,  the  are  the  relative  phases,  the  t^  are  the  re¬ 
lative  delays,  and  L  is  the  total  number  of  echoes. 

Since  frequency-selective  fading  is  caused  oy  signal 
energy  arriving  from  many  directions  and  at  different  times,  it 
is  more  appropriate  to  deal  with  instantaneous  power  rather 
than  time  averaged  power.  In  particular,  tne  received  signal 
at  a  particular  time  tQ  is  given  oy 

L  jOk 

y(tu)  =  A0x(t0)+  1  Ak£  x(to'tk)  +  n(to>  (3.1-38) 
k  =  l 
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where  the  first  terra  is  the  desired  signal,  the  second  term  is 
the  multipath  interference,  and  the  third  term  is  the  receiver 
or  ambient  noise.  The  (ensemble)  average  signal-to-noise  ratio 
at  time  t  is  thus  (assuming  the  individual  returns  are 
statistically  independent) 


SNR  = 


Rn(0) 


L 

+  E  <Ak>R*<°> 

i=l  * 


(3.1-39) 


where  Rx(0)  is  the  average  transmitted  power  (which  is 
assumed  to  be  independent  of  time  (i.e.,  stationary)  and 
Rn(0)  is  tne  average  noise  power  (in  the  RF  bandwidtn  of 
interest) .  Note  that  the  interference  power  is  directly  pro¬ 
portional  to  the  transmitted  power. 

When  the  transmitted  signal  is  an  AM  waveform,  RV(T) 

2  2  X 
-  Ac  cos  [i+m  Rf(T)j,  wnere  RX(T)  is  the  auto¬ 

correlation  of  tne  AM  waveform,  R^(T)  is  tne  autocorrelation 
of  the  modulation  (for  speech  we  have  assumed  in  previous  sec¬ 
tions  tnat  Rj:  (t  )  =  .  56  (x) )  .  The  effective  signal-to-noise 
ratio  (prior  to  aetection)  is  then 

A2  m2  Rf(Q)  <A?> 

(SNR)  ^  =  - 2 - 1 - !L_ -  (3.1-40) 

2nB  +  A2(l+m2R,(0) ]  Z  <hl> 

C  £  K=1  K 

Letting  A2  =1  and  recalling  that  A2/4nB  is  the 
carrier-to-noise  ratio  for  AM  systems,  we  can  rewrite  (3.1-40) 
as : 
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(SNR)am 


m2p 


l+PQ(2+m  )  e 


(3.1-41) 


wnere  PQ  is  the  AM  carr ier-to-noise  ratio  and  e2  is  the 
interference-to-signal  power  ratio  defined  as: 


£  <A2>  L 

- =  E  <A2> 

<a2>  k=i  k 

o 


(3.1-42) 


Equation  (3.1-41)  shows  that  when  tne  carr ier-to-noise  ratio  is 
greater  than  the  signal-to-interf erence  ratio  (PQ>>e  *■)  , 
the  average  signal-to-noise  ratio  is  dominated  oy  tne  signal- 
to-interf  erence  ratio.  Furthermore,  if  the  interference  power 
is  in  the  order  of  the  direct  signal  power  or  greater,  (e^l) , 
the  signal-to-noise  ratio  will  be  well  oelow  the  levels 
required  for  just  usable  voice  quality  (at  least  15  dB  below) . 

When  the  transmitted  signal  is  a  SSB  waveform,  R  (Tj 

A  A 

=  A2[Rf(T)  cos  t-  Rf(T)  sin  ojqtj  Where  Rf(x)  is 
the  Hilbert  transform  of  Rf(T).  Thus  for  speech,  tne  ef¬ 
fective  signal-to-noise  ratio  for  SSB  transmission  is  (assuming 
<A2>=i) 


(SNR)  SSB 


A2 

2nB  +  A2  e  2 


(3.1-43) 


o  _  2 

wnich  for  large  A  /21B  reduces  to  (SNR)gSB~e  .  Tnus, 

the  signal-to-noise  ratio  of  SSB  is  greater  than  that  of  DSB-AM 
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2 

by  a  factor  of  1+2/m  where  m  is  the  modulation  index  of  the 
DSB-AM  signal. 

In  order  to  determine  the  maximum  acceptable  level  of 

2 

interference-to-signal  power  ratio,  e  ,  we  have  plotted 
(3.1-43)  and  (3.1-41)  in  Fig.  3.1-4  for  two  values  of  the  SNR 
in  the  absence  of  selective  fading.  It  is  seen  that  when  tne 
signal-to-noise  ratio  in  the  absence  of  fading  is  30  dB  (good 
quality  voice) ,  the  effective  SNR  in  selective  fading  falls 
below  acceptable  levels  (12  dB)  wnen  the  interf erence-to-signal 
power  exceeds  .08  (-11  dB)  for  SSB  transmission  and  .04 
(-14  dB)  for  DSB-AM  transmission.  When  the  SNR  m  the  absence 
of  fading  is  just  acceptable  (12  dB) ,  the  effective  SNR  drops 
below  acceptable  levels  when  the  interf erence-to-signal  power 
ratio  is  greater  than  .003  (-25  dB)  for  Doth  AM  and  SSB. 

These  results  (3.1-41  and  3.1-43)  show  that  frequency 
selective  fading  has  a  disastrous  effect  on  AM  and  SSB 
transmission  whicn  cannot  be  compensated  for  by  increasing  the 
signal  power.  However,  when  the  interference  is  such  that 


L 

E 

K=1 


(3.1-44) 


an  adaptive  multipatn  cancellation  tecnnique  using  transversal 
filters  [Morgan,  1978]  may  oe  used  to  reduce  £  to  acceptable 
levels.  If  the  constraint  (3.1-44)  is  not  satisfied  then  non¬ 
linear  processing  techniques  such  as  Cepstrum  analysis  can  oe 
used  [Kemerait  and  Chrldens,  1972],  Both  of  these  techniques 
result  in  a  more  complex  receiver  structure. 

3 . 2  Digital  Modulation  System  Performance 

Most  Army  HF  Radios  have  the  capability  to  transmit 
narrowoand  digital  data  at  low  data  rates.  The  data  is  Dinary 
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teletype  data  and  typical  data  rates  are  75  baud  (bits  per 
second)  for  single-channel  transmission  and  2400  bauo  for  four- 
channel  time-division-multiplexed  transmissions  or  encrypted 
single-channel  data.  The  teletype  data  is  transmitted  using 
binary  non-coherent-frequency-shift-keying  (NCFSK) .  A  oinary 
NCFSK  system  is  characterized  by  its  modulation  (data)  rate  and 
tne  frequency  shift  used.  The  modulation  rate  is  defined  as 
the  reciprocal  of  the  signalling  unit  interval  (1/T)  measured 
in  seconds  and  is  expressed  in  baud.  The  frequency  shift, 
fs,  is  the  difference  between  the  frequencies  corresponding 
to  the  "mark"  and  "space"  elements.  The  ratio  of  the  frequency 
shift  to  the  modulation  rate  is  often  called  the  modulation 
index,  f  t,  which  is  usually  greater  than  unity. 

A  noncoherent  FSK  signal  can  be  demodulated  by  either  a 
limiter-discriminator  demodulator  or  a  dual-filter  followed  Dy 
envelope  detection  demodulator.  When  the  IF  filter  bandwidth 
in  a  limiter-discriminator  demodulator  is  equal  to  twice  tne 
bandwidth  of  the  "mark"  and  "space"  filters  in  a  dual-filter 
demodulator,  tne  performance  (in  terms  of  bit  error  prob¬ 
ability)  for  both  systems  is  nearly  identical  [Schwartz,  Bennet 
and  Stein,  1966] . 

When  several  teletypewriter  signals  are  to  be  trans¬ 
mitted  simultaneously,  either  a  time-division  multiplexing 
(TDM)  or  frequency-division  multiplexing  (FDM)  technique  is 
used.  In  a  TDM-NCFSK  system,  a  numoer  of  teletypewriter  sig¬ 
nals  are  time-division  multiplexed  first,  and  the  multiplexed 
signal  is  used  to  f requency-snitt-key  the  RF  carrier.  Tne 
modulation  rate  is  equal  to  tne  number  of  teletypewriter  sig¬ 
nals  times  the  modulation  rate  of  a  single  channel  system.  Tne 
type  of  emission  is  the  same  as  that  of  a  single-channel  system 
also,  the  modulated  RF  wave  has  constant  amplitude,  and  its 
performance  can  be  analyzed  in  exactly  the  same  manner  as  that 
of  a  single-channel  system. 
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In  an  FDM-NCFSK  system,  a  number  of  subcarriers  or 
tones  uniformly  spaced  in  frequency,  usually  in  a  3  kHz  band¬ 
width,  are  used.  Each  subcarrier  is  frequency-shift  keyed  by 
one  teletypewriter  signal  and  the  composite  baseband  signal  of 
all  the  tones  is  transmitted  as  a  sideband  signal  of  a  SSB  or 
ISB-AM  system.  The  modulation  rate  in  each  subchannel  of  an 
FDM-NCFSK  system  is  the  same  as  that  of  a  single-channel 
system.  The  type  of  emission  for  this  system  is  different  from 
tnat  of  a  single-channel  or  a  TDM-NCFSK  system,  and  the  ampli¬ 
tude  of  the  modulated  RF  wave  is  not  constant.  The  performance 
of  a  single  subchannel  in  an  FDM-NCFSK  system  is  analyzed  in 
the  same  way  as  a  single-channel  NCFSK  system.  To  obtain  the 
required  signal-to-noise  ratio  for  an  FDM-NCFSK  system  we  have 
to  multiply  the  required  ratio  for  a  single  channel  system  not 
only  by  the  number  of  subchannels,  but  also  by  a  factor 
corresponding  to  the  ratio  of  the  peak  envelope  power  to  the 
average  power  of  the  RF  signal. 

Basically,  tnere  are  two  teletypewriter  systems: 
start-stop  and  syncnronous  systems.  The  two  systems  are  sig¬ 
nificantly  different  in  two  aspects:  (a)  the  relation  between  ' 
teletypewriter  speed  and  modulation  rate;  and  (b)  the  relation 
between  character  error  probability  and  binary  element  or  bit 
error  probability. 

Akima,  et  al. ,  [1969],  have  determined  tne  relation 
between  tne  start-stop  and  synchronous  teletypewriter  systems 
(in  words  per  minute  per  channel)  and  the  modulation  rate  in 
baud  (bits  per  seconds).  Table  3.3  shows  the  modulation  rates 
derived  by  Akima  corresponding  to  some  typical  teletypewriter 
speeds  for  various  multiplexing  techniques. 

The  quality  of  teletypewriter  transmissions  is  usually 
specified  in  terms  of  character  error  probability,  while  the 
basic  quantity  that  is  theoretically  calculated  is  the  bit  or 
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Table  3.3 

Relation  Between  Teletypewriter  Speed  and  Modulation 
Rate  in  5-Unit  Teletypewriter  Systems 


Channel 

Multiplexing 

Teletypewriter 

System 

Teletypewriter 
Speed 
(w/  m /  ch) 

Modulation  Rate 
(bauds) 

Single  -channel 

Start -Stop 

60 

45 

100 

75 

Synchronous 

60 

36 

100 

60 

Frequency- 
di vision - 
multiplexing 

1 

Start -Stop 

60 

45 

100 

75 

— - 

Two -channel 
time -division¬ 
multiplexing 

Synchronous 

60 

72 

100 

120 

F  our -channel 

time-division- 

multiplexing 

Synchronous 

60 

144 

100 

240 
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element  error  probability.  When  oinary  element  errors  occur 
independently  of  each  other,  the  character  error  probability 
Pc  is  given  as  a  function  of  the  element  error  prooability 

pe  *>y 


Pc  -  1  -  (1-Pe) 17  1  17  Pc  (3.2-1) 

for  a  start-stop  system,  and  by 

Pe  =  1  -  (1-Pe) 5  *  5  Pe  (3.2-2) 

for  a  synchronous  system  [Watt,  et  al.,  1958]. 

k. 

Since  the  character  error  probability  is  directly  pro- 

✓ 

portional  to  the  Dit  or  element  error  probability,  we  will  give 
the  performance  of  NCFSK  in  terms  of  Pg.  The  required  bit  or 
element  error  probabilities,  Pg,  for  typical  character  error 
probabilities  are  listed  in  Table  3.4.  In  the  remainder  of 
this  section,  we  discuss  the  relationship  between  tne  element 
error  probability  ana  tne  average  detected  signal-to-noise 
ratio  under  nonfading  conditions,  slow  flat-fading  conditions, 
fast  flat-fading  conditions  and  frequency  selective-fading  con¬ 
ditions. 

3.2.1  Nonfading  NCFSK  System  Performance 

The  performance  of  NCFSK  in  pure  Gaussian  noise  is  well 
known  and  is  given  by  [Schwartz,  Bennet  and  Stein,  1966] 

Pe  =  1/2  e-Y/2  (3.2-3) 

where  y  is  the  ratio  of  the  average  signal  power  in  one  filter 
to  average  noise  power  in  one  filter  of  oandwidth  2B=1/T  where 
T  is  the  element  or  bit  duration.  Thus, 
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Table  3.4 

Values  of  Element  Error  Probability  Pe  Corresponding 
to  Some  Typical  Values  of  Character  Error  Probability 
Pc  in  5_Unit  Teletypewriter  Systems 


Teletypewriter 

System 

Pc  (%> 

p  (%) 

e 

1 

0.  059 

Start -Stop 

0.  1 

0.  0059 

0.01 

0.00059 

1 

II 

0.  2 

Synchronous 

... 

0.  1 

0.  02 

0.01 

0.  002 
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(3.2-4) 


2No 

where  A  is  tne  amplitude  (envelope)  of  tne  received  signal, 

Nq  is  the  noise  density  which  is  assumed  to  be  flat  over  the 
filter  of  bandwidth  1/T. 

The  element  error  probability  for  NCFSK  is  shown  in 

Fig.  3.2-1  as  a  function  of  the  signal-to-noise  ratio,  y  ,  along 

with  that  for  other  binary  signalling  schemes.  From  the  curve 

for  NCFSK  we  can  see  that  in  order  to  achieve  a  character  error 

_  o 

probability  P  =10  witn  a  start-stop  teletypewriter  system 
.  c 

(Pe  ~  6xl0~^) ,  the  signal-to-noise  ratio  in  pure  Gaussian 
noise  must  be  11.5  dB.  The  required  signai-to-noise  ratio  for 

_  -i 

synchronous  teletypewriter  system  (Pg  ~  2x10  )  is 

10.5  dB.  The  required  signal-to-noise  ratios  for  smaller 
character  error  probabilities  are  greater  and  may  be  read 
directly  from  the  graph. 

The  curves  of  Fig.  3.2-1  have  been  obtained  for  the 
case  in  whicn  the  noise  has  Gai'ssian  statistics.  However,  HF 
noise  is  atmospheric,  and  in  general  does  not  have  Gaussian 
statistics.  In  tnis  case,  the  element  error  prooabiiity  is 
one-half  the  amplitude  probability  distrioution  (APD)  of  the 
noise  corresponding  to  tne  level  of  the  received  signal.  The 
APD  of  atmospheric  noise  can  be  represented  sufficiently 
accurately  for  most  applications  by  an  appropriate  curve  chosen 
out  of  a  family  of  idealized  curves.  The  ratio  of  the  rms  to 
average  of  the  envelope  of  the  noise,  denoted  Vd  (in  dB) ,  is 
used  to  specify  the  curve  that  can  be  used  to  represent  tne 
noise  envelope  distribution  [CCIR,  1964].  For  Gaussian  noise 
Vd=i.049  dB.  For  atmospheric  noise  Vd  is  usually  greater 
than  this  value.  Curves  of  the  element  error  probability  in 
atmospheric  noise  as  a  function  of  the  signal-to-noise  ratio 
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10, 


Fig.  3.2-1  Bit  (element)  error  probability  versus 
signal-to-noise  ratio  (from  Schwartz, 
Bennet  and  Stein,  1967) 
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and  the  noise  parameter  are  given  by  [Akima,  et  al.,  1969] 
and  are  reproduced  in  Fig.  3.2-2.  The  curve  for  V^si.049  dB 
corresponds  to  the  curve  for  NCFSK  in  Gaussian  noise.  However, 
the  signal-to-noise  ratios  of  Fig.  3.2-2  for  a  given  error 
probability  are  smaller  by  a  factor  of  2  (3  dB)  than  those  of 
Fig.  3.2-1  because  the  noise  is  in  a  bandwidth  equivalent  to 
the  sum  of  the  bandwidtns  of  the  "mark"  and  "space"  filters. 
Thus,  in  Fig.  3.2-1  tne  signal-to-noise  ratio  is  defined  as 
Y'=A2T/4No. 

The  parameter  depends  largely  on  the  season,  tne 

local  time  of  day,  the  operating  frequency,  and  the  receiver 

bandwidth  [CCIR,  1964],  In  the  lower  region  of  the  HF  band,  it 

is  almost  independent  of  the  season  and  local  time.  When  the 

two-filter  bandwidth  2/T  ~  200  Hz,  it  is  around  6  dB.  Thus, 

2 

the  required  signal-to-noise  ratio  y=A  T/2N  for  a 

-  2  ° 

character  error  probability  of  10  is  22.  b  dB  for  a  start- 

-4 

stop  teletypewriter  system  (PQ  ~  6x10  )  and  18.7  dB  for  a 

e  -3 

synchronous  teletypewriter  system  (Pe  ~  2x10  ) . 

3.2.2  Frequency-Flat  Fading  NCFSK  Performance 

Most  of  the  studies  on  the  performance  of  NCFSK  systems 
under  fading  conditions  have  been  limited  to  the  case  in  which 
the  noise  is  Gaussian  except  for  [Bello,  1965]  in  which  approx¬ 
imate  results  for  the  case  of  slow  flat-fading  conditions  and 
atmospheric  noise  are  given.  Tnus,  in  this  section  we  will 
consider  the  effects  of  flat  fading  and  frequency  selective 
fading  in  the  presence  of  Gaussian  noise  only.  The  effects  of 
atmospheric  noise  will  only  be  considered  in  the  case  of  slow 
flat-fading  conditions. 

a.  Slow  Fading  Conditions 

When  the  fading  rate  is  sufficiently  slow  such 
that  changes  over  a  few  pulse  intervals  can  be  disregarded, 
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Probability  of  Element  Error 


Signal-to-Noise  Ratio  (dB) 


Fig.  3.2-2  Element  error  probabilities  in  a  single-channel  NCFSK  system 
under  stable  conditions.  (Signal -to-noise  ratio  is  the  ratio  of 
signal  power  to  average  noise  power,  and  Vj  is  the  ratio  of  rms 
to  average  of  the  noise  envelope  voltage,  both  measured  at  the 
input  to  the  limiter  in  a  limiter -discriminator  demodulator,  and 
measured  in  a  bandwidth  equivalent  to  the  sum  of  the  bandwidths 
of  the  two  filters  in  a  dual-filter  demodulator.  Modulation  index 
is  assumed  to  be  not  less  than  unity,  and  no  low-pass  filter  is 
used  before  the  decision-making  circuit.  ) 

(from  Akima,  et  al.  ,  1969) 
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the  element  error  probability  is  equal  to  the  error  prob¬ 
ability  in  tne  absence  of  fading,  averaged  over  tne  fading 
statistics  [Schwartz,  Bennet  and  Stein,  1966] : 

/v  00 

?e  =  J  PeW>  P(Y)  dy  (3.2-5) 

o 

wnere  Pe(Y)  is  the  element  error  probability  due  to  Gaussian  or 
atmospheric  noise  only,  and  p(y)  is  tne  density  function  of  the 
normalized  square  of  the  envelope  of  the  received  signal  (Eq. 
3.2-4)  which  completely  describes  the  statistics  of  the  fading. 

Pierce  [1958]  has  determined  the  element  error 
probability,  p  ,  for  NCFSK  for  the  case  of  slow  Rayleigh 
fading  and  additive  Gaussian  noise  with  diversity  reception. 

His  results  show  that  when  Mth  order  diversity  is  used,  the 
element  error  probability  is  given  by 


r  i  if 

A  M 

v 

(m+M- 

1)  : 

[i+yjm 

_2+y° 

L 

m=0 

ml  (M- 

1) 

o 

>- 

+ 

CM  t 

(3.2-6) 


wnere  y0  is  the  mean  signal- to-noise  ratio,  i.e., 

<A2>T  _  aT 

' o  2N  2N 

o  o 


(3.2-7) 


The  parameter  a  is  equal  to  2Sq  where  SQ  is  tne  long-time 
average  received  power  defined  by  Pierce  [1958]. 

Equation  (3.2-6)  for  M=1  (no  diversity)  is  shown 
in  Fig.  3.2-3  as  a  function  of  yQ  along  with  similar  curves 
for  other  types  of  signalling  schemes.  The  curve  for  NCFSK 
snows  that  a  single  channel  subject  to  slow  f lat-Rayleigh 
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fading  requires  additional  system  margins  (mean  SNR  required  in 
fading  as  compared  with  SNR  required  in  the  absence  of  fading) 
of  the  order  of  18  dB  for  element  error  rates  of  10“^  with 
approximately  an  additional  10  dB  for  every  order  of  magnitude 
(factor  of  10)  further  decrease  in  allowed  system  error  rate. 

Tne  additional  system  margin  required  in  Rayleigh 
fading  can  be  reduced  substantially  if  diversity  reception  is 
used.  Curves  of  bit  error  prooabiiity  as  a  function  of  average 
signal-to-noise  ratio  for  various  orders  of  diversity  may  be 
found  in  [Pierce,  1958  -  Fig.  1]. 

The  error  probabilities  derived  by  Pierce  are  only 
valid  for  the  case  in  wnich  the  fading  is  Rayleigh  distributed 
and  the  noise  is  Gaussian.  Lindsay  [1964]  has  derived  the 
element  error  probabilities  for  NCFSK  for  the  case  of  Mth  order 
diversity  and  Rician  fading  in  Gaussian  noise.  In  this  case, 
the  error  probability  is  given  by 


P  (M)  = 
e 


{->*) 


(ip+m-i)  ; 
(M-i) : 


(3.2-8) 


where  YQ  is  given  by  (3.2-7)  and 


„  _  o 

P  o  2N 


(3.2-9) 


U+Y0)  (2+Yg) 


(3.2-10) 
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The  ratio  of  specular-to-Rayleigh  component  is  equal  to 


(3.2-11) 


Hence,  when  PQ=0,  (3.2-8)  reduces  to  the  pure 
slow  Rayleigh  fading  case  derived  by  Pierce  [1958],  Wnen  M=l, 
(3.2-8)  reduces  to 


(3.2-12) 


From  this  expression  we  can  see  that  when  the  Rayleign  fading 
component  becomes  negligible  (yq=o) ,  the  element  error 
probability  approaches  that  of  the  steady  NCFSK  signal  (no 
fading)  in  Gaussian  noise  (Eq.  3.2-3).  On  the  other  nand,  wnen 
the  specular  component  is  negligible  (PQ=o) ,  (3.2-12)  reduces 
to  the  case  of  a  Rayleigh  fading  NCFSK  signal  in  Gaussian  noise 
(Eq.  3.2-7). 

Plotted  in  Fig.  3.2-4  are  tne  element  error  proba¬ 
bilities  derived  by  Lindsay  [1984]  for  various  orders  of  diver¬ 
sity  as  a  function  of  the  average  signal-to-noise  ratio 

yAV  =  (1+R)  Y0  =  P0  +  Y 0  (3.2-13) 

for  the  cases  R=0  (pure  Rayleigh  fading)  ,  R=°°  (no  fading)  ,  R=8 
and  R=16.  These  curves  show  that  as  the  ratio  of  specular-to- 
Rayleigh  component  increases,  the  additional  margin  in  SNR 
(over  the  no-fading  case)  required  to  achieve  a  desired  ele¬ 
ment-error  probability  decreases.  Furthermore,  even  if  the 


specular  component  is  16  times  greater  (12  aB)  than  tne  Ray- 
ieign  fading  component,  an  additional  margin  of  8.5  dB  in  SNR 
over  the  SNR  required  under  no  fading  conditions  (11.5  aB)  is 
needed.  However,  if  third  order  diversity  (M=3)  reception  is 
used,  no  additional  margin  is  required. 


The  error  probabilities  in  flat  (non-seiective) 
Rayleigh  and  Rician  fading  discussed  above  have  been  derived 
assuming  that  the  additive  noise  is  Gaussian.  Since  tne  addi¬ 
tive  noise  at  HF  is  predominantly  atmospheric,  tnese  results 
are  not  strictly  valid  although  they  provide  us  with  an  esti¬ 
mate  of  tne  additional  margins  required  under  slow  fading  con¬ 
ditions.  Element  error  probabilities  for  fiat  Rayleigh  fading 
NCFSK  is  the  presence  of  atmospheric  noise  have  Deen  derived  oy 
Bello  [1965]  for  the  general  case  of  Mtn  order  diversity  re¬ 
ception.  He  has  found  that  when  no  diversity  is  used  (M=l) , 
the  error  probabilities  due  to  atmospheric  noise  will  be  lower 
than  those  due  to  Gaussian  noise  while  the  opposite  will  be 
true  when  diversity  is  used.  At  nigh  SNR's  and  nondiversity 
operation,  the  error  probability  is  independent  of  the  noise 
statistics.  Thus,  in  the  case  of  no  diversity  operation,  the 
results  of  Pierce  [1958]  and  Lindsay  [1964]  provide  us  with  tne 
necessary  requirements.  At  high  SNR  and  Mtn  order  diversity, 
the  SNR  degradation  (additional  margin  required)  of  system 
performance  (in  dB)  with  atmospneric  noise  as  compared  to 
Gaussian  is  given  by  [Bello,  1965]. 


(SSWdeg  =  V”'1’  -  TT  lo9l0 


(2m-d  : 

m” (M-i) : 


(3.2-14) 


where  is  the  noise  parameter  previously  defined. 

The  effective  signal-to-noise  ratio  required  for  a 
given  error  probability  in  atmospheric  noise  is 
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(YA} dB 


*YoJdB 


+  (SNR) 


deg 


(3.2-15) 


where  YQ  is  the  average  signal-to-noise  ratio  required  in  the 
presence  of  Gaussian  noise  (Eq.  3.2-7). 

Table  3.5  summarizes  the  required  signal-to-noise 

ratios  for  teletypewriter  systems  with  character  error  prob- 

-  2  -  3  -4 

abilities,  Pc,  of  10  ,  10  and  10  and  no  fading, 

slow  f lat-Rayleigh  fading  and  flat-Rician  fading  and  atmo¬ 
spheric  noise.  The  value  of  the  noise  parameter  Vd  assumed 
in  obtaining  the  values  of  required  SNR  is  Vd=6  dB  as  recom¬ 
mended  by  Akima  [1969]. 

b.  Fast-Fading  Conditions 

The  previous  results  were  obtained  assuming  tnat 
the  fading  was  slow  enough  so  that  changes  over  a  few  pulse 
intervals  could  be  disregarded.  When  the  fading  rate  is  com- 
paraole  to  tne  data  rate  1/T,  a  degradation  in  the  system  per¬ 
formance  occurs  resulting  in  an  irreducible  error  probaDility. 
Bello  and  Nelin  [1962]  have  derived  the  error  probaoilities  for 
NCFSK  in  Rayleigh  fading  with  Gaussian  and  exponential  fading 
spectra  and  in  the  presence  of  additive  Gaussian  noise.  The 
element  error  probability  is  again  given  by: 


Pe(M) 


r  i  i 

M  M_1  (m+M-1) » 

r-ei 

l2+YeJ 

Jo 

L  2+Ye  j 

(3.2-16) 


wnicn  is  identical  to  tne  expression  obtained  oy  Pierce  [1958] 
for  the  zero-bandwidth  fading  spectrum  except  that  Ye  is  now 
an  effective  signal-to-noise  ratio  which  depends  on  tne  shape 
of  the  fading  spectrum  and  its  half-power  bandwidtn,  B  (i.e., 
fading  rate).  When  the  fading  rate  is  negligible  compared  to 
the  data  rate  (B*o) ,  Y  e  is  equal  to  (Eq.  3.2-7). 
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TABLE  3.5  Required  Signal-To-Noise  Ratios  for  Single  Channel  NCFSK 
System  Over  HF  Paths  With  Atmospheric  Noise  Parameter 


« 

.T— . 

pa 

m 

13 

C  TJ 

>1 

w* 

n3 

p 

-H  CTO\ 

•<H 

0 

o  C  ~ 

(0 

in  in 

•H 

•rl  -H 

0  p 

•  •  • 

•  •  • 

p 

P5  TJ  00 

z  a) 

if  H  ID 

rH  00  N* 

«s 

<d  ii 

> 

CM  co  CO 

N  N  n 

06 

5  b  8 

-r| 

0  \ 

□ 

d) 

t— 1  «  0 

w 

w  < 

•H 

0 

<6 

0 

Eh 

>1 

1 

P 

rH 

•rH 

id 

rH  U5 

in  in 

c 

id  P 

•  •  • 

•  •  • 

tr 

bi 

3  d) 

in  oo  m 

o  r  fs 

•H 

c 

O  > 

CM  CM  CO 

CM  CM  CO 

cn 

•H 

*H 

P  TD 

D 

0) 

(0  id 

tr> 

rH  b 

fa 

p 

x : 

d) 

?  tn 

> 

0  *H 

< 

rH  0) 

W  rH 

'O 

>1 

P 

a) 

id 

•H 

u 

a 

(0 

CD 

cr>  o  o 

•H 

0  p 

•  •  • 

•  •  • 

3 

z  <u 

O  rH  »-H 

vo  p*  r- 

C 

> 

co  rr  in 

CM  CO  tJ* 

d) 

•rH 

« 

Q 

t T> 

C 

r  i no 

O  *rl 

•  »  • 

•  •  • 

Z  T3 

r~  ro  r- 

in  cti  in 

id 

rH  (N  CN 

rH  i-H  CM 

b 

>1 

p 

P 

ai 

•H 

P  M  rl  r« 

rH 

rH 

u 

3  -H  dP 

rH  O 

rH  O 

Id  M  XI  — 

rH  •  • 

rH  «  • 

Vi 

h  id  u 

o  o 

o  o 

(d  W  X3  pu 

XI 

0 

u 

p 

a* 

p 

0) 

p 

0) 

p 

a 

3 

>  E 

0 

0 

a;  d) 

p 

C 

ap 

cn 

0 

>i  m 

i 

P 

p  >i 

p 

X 

dl  00 

p 

o 

rH 

« 

c 

di 

P 

>1 

_ Ed _ 

_ ua _ _ 

_ia _ 

3-45 


*The  average  noise  power  in  a  dual-filter  demodulator  system  is  measured  at  the  output 
of  a  "mark"  or  "space"  filter  in  a  bandwidth  of  1/T.  The  equivalent  noise  power  in 
limiter-discriminator  demodulator  is  measured  at  the  input  to  the  limiter  in  a  bandwidth 
of  half-the  IF  filter  bandwidth.  This  is  equivalent  to  the  bandwidth  of  the  "mark"  or 
space  filter  in  a  dual  filter  system. 


Bello  and  Nelin  [1962]  have  derived  exact  and 
asymptotic  expressions  for  the  effective  SNR,  y  for  the 
case  of  a  Gaussian  fading  spectrum  and  exponential  fading 
spectrum.  When  the  fading  rate  is  smaller  than  the  data  rate 
(BT<1) ,  the  effective  SNR  for  the  case  of  "mark"  and  "space" 
waveforms  separated  by  fg  Hz  is  given  by 


1+- 


2BT 


O-2*"  P  +fe)  1 } 


„(fsT> 


2  0 


for  an  exponential  fading  spectrum  and  oy 


1  + 
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2  £n 2  ( f  T) 
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1  - 


(ttBT) 
2  Jin  2 


(3. 2-17a) 


P'(^)2]}  ,3'2- 


17b) 


for  a  Gaussian  fading  spectrum. 

From  the  equations  for  the  effective  SNR,  we  can 
see  that  even  when  the  actual  SNR,  Y  ,  becomes  infinitely 
large  (yQ  -*  °°)  ,  Ye  is  finite.  Thus,  tnere  exists  an 
irreducible  error  probability  (or  if  one  wishes  a  maximum  sig- 
nal-to-noise  ratio  caused  by  the  fading) .  The  irreducible 
error  probability  depends  on  the  fading  bandwidth,  shape  of  tne 
fading  spectrum  and  the  frequency  separation  between  the  "mark" 
and  "space"  waveforms.  Fig.  3.2-5  shows  various  curves  for  tne 
irreducible  error  probability  as  a  function  of  these  para¬ 
meters.  From  these  curves,  we  can  see  that  it  increases  as  tne 
relative  fading  bandwidth  increases  and  that  it  decreases  as 
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the  separation  between  the  tones  increase,  as  expected.  It  can 
also  be  seen  that  the  irreducible  error  probability  for  a  fixed 
fading  bandwidth,  B,  and  tone  separation,  fgf  is  higher  when 
the  spectrum  is  exponential  rather  than  Gaussian. 

Wnen  the  required  element  error  probability  for  a 
NCPSK  system  is  an  order  of  magnitude  greater  than  the  irre¬ 
ducible  error  probability  at  a  given  fading  bandwidth,  B,  and 
tone  spacing,  fg,  relative  to  the  data  rate  1/T,  then  the 
mean  SNR,  y  ,  required  to  attain  that  error  probability  is 
practically  the  same  as  that  required  under  slow  flat  Rayleigh 
fading  conditions.  However,  if  the  desired  error  probability 
is  of  the  same  order  of  magnitude  (but  still  greater)  tnan  the 
irreducible  error  probability,  then  the  average  SNR,  Y 
required  to  attain  that  error  probability  must  be  greater  than 
the  average  SNR  required  under  slow  fading  conditions  (B=0)  by 
an  amount  equal  to  the  degradation  factor,  YQ/Ye,  where 
Y e  is  now  equal  to  tne  required  SNR  wnen  B=Q.  As  the  re¬ 
quired  element  error  probability  approacnes  tne  irreducible 
error  probability  for  a  given  fading  bandwidtn  and  tone  sepa¬ 
ration,  the  degradation  factor  (additional  margin)  approacnes 
infinity.  This  effect  is  clearly  reflected  by  the  curves  of 
Fig.  3.2-6  where  we  have  plotted  the  additional  SNR  (over  that 
required  when  B=0)  required  to  attain  an  element  error  prob¬ 
ability  Pe=io-^  as  a  function  of  the  relative  fading  Dand- 
width,  BT,  and  the  relative  tone  shift,  fsT. 

The  curves  of  Figs.  3.2-5  and  3.2-6  indicate  that 
when  the  tone  spacing  of  a  NCFSK  system  is  in  the  order  of  tne 
data  rate  1/T,  fading  rates  in  the  order  of  1%  of  the  data  rate 
or  greater  result  in  a  significant  degradation  which  limits  the 
element  error  probability.  The  degradation  can  be  reduced  by 
increasing  the  tone  separation  (frequency  shift)  or  modulation 
index,  fgT. 
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Typical  fading  rates  in  HF  skywave  propagation  are 
in  the  order  of  1  Hz  at  mid-latitudes  and  up  to  10  Hz  in  the 
auroral  oval.  Hence,  single-channel  NCFSK  teletypewriters 
which  typically  operate  at  rates  of  75  baud  in  a  bandwidtn  of 
100  Hz  (fsT=1.33)  will  be  limited  to  element  error  prob¬ 
abilities  of  7xl0”5  at  mid-latitudes  (assuming  Gaussian 
fading  spectrum)  and  7x10”^  at  nortnern  latitudes.  Multi¬ 
plexed  NCFSK  systems  which  operate  at  higher  data  rates  will  be 
limited  to  similar  error  probabilities  provided  that  the  modu¬ 
lation  index  remains  constant.  The  performance  of  these 
systems  in  built-up  areas  where  the  propagation  mode  is  ground 
wave  may  not  be  deduced  as  readily  as  data  regarding  the  sta¬ 
tistics  and  fading  rates  for  ground  wave  propagation  in 
built-up  areas  is  not  available.  If  the  statistics  are  Rician 
with  a  strong  specular  component  (R=5) ,  the  irreducible  error 
probabilities  for  relative  fading  rates  as  high  as  BT=.05 
result  in  irreducible  error  probabilities  in  the  order  of 
10“5  and  lower  [Hingorani,  1967]  so  that  fast-fading  effects 
are  not  as  significant  as  for  the  case  of  Rayleign  fading. 


3.2.3  Frequency-Selective  Fading  NCFSK  Performance 


The  results  of  tne  previous  section  assumed  that  the 
fading  was  flat  or  equivalently,  that  the  tone  duration,  T,  in 
a  NCFSK  system,  was  much  greater  than  the  multipath  spread  of 
the  channel.  When  the  multipath  spread,  M,  of  tne  channel  is 
in  the  order  of  the  tone  duration,  overlapping  between  adjacent 
symbols  results  in  intersymbol  interference.  Errors  due  to 
tnis  type  of  interference  are  also  referred  to  as  frequency 
selective  fading  because  the  coherence  bandwidth  of  the  channel 
1/2ttm  is  smaller  than  the  data  rate  1/T.  The  intersymbol 
interference  (frequency-selective  fading)  results  in  an  irre¬ 
ducible  error  probability  (or  maxi'mum  acnievabie  signal-to- 
noise  ratio  if  you  will)  . 
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Expressions  for  the  error  probability  for  binary  NCFSK 
in  the  presence  of  slow  (B=0)  frequency  selective  Rayleigh 
fading  have  been  obtained  by  Bello  and  Nelin  [1963]  for  the 
case  in  which  the  multipath  is  of  the  diffuse  type  witn  a 
Gaussian  delay  spectrum.  The  error  probability  expression  for 
this  situation  is  similar  to  that  of  (3.2-16)  but  where  the 
effective  SNR,  y  ,  depends  on  tne  transmitted  adjacent 
symbols.  Curves  for  the  irreducible  error  probaoility  for 
NCFSK  for  dual  and  fourtn  order  diversity  may  be  found  in 
[Bello  and  Nelin,  1963]. 

Expressions  for  the  element  error  probability  for  NCFSK 
for  the  case  of  discrete  multipath  with  two  delayed  Doppler 
shifted  Rician  fading  components  have  been  ODtained  by 
Hingorani  [1967].  Plots  of  the  irreducible  error  probaoility 
as  a  function  of  the  normalized  multipath  spread,  M/T,  for 
various  values  of  the  relative  Doppler  shift  Detween  tne  two 
fading  components,  BT,  and  for  various  specular-to-Rayleigh 
component  power  ratios,  R,  are  shown  in  Fig.  3.2-7.  These 
curves  show  that  for  a  given  tolerable  irreducible  error  prob¬ 
aoility  there  is  a  maximum  tolerable  multipath  spread  and/or 
Doppler  spread.  These  maximum  tolerable  values  increase  as  the 
ratio  of  specular-to-Rayleigh  component  increases  as  one  might 
expect.  When  the  fading  rate  is  negligible  (B-0) ,  the  maximum 
tolerable  normalized  multipath  spread  for  a  maximum  irreducible 
error  probability  of  10-^  is  0.1  if  the  specular  component  is 
vanishingly  small  (R=0) .  The  maximum  tolerable  multipatn 
spread  increases  to  0.2  when  the  specular-to-Rayleigh  ratio  is 
5  (7  dB) .  Wnen  the  normalized  (or  relative)  fading  rate  in¬ 
creases  above  a  value  of  0.01,  the  irreducible  error  proo- 
ability  is  dominated  oy  tne  fading  bandwidth  as  long  as  the 
normalized  multipath  spread  is  below  0.1.  From  these  con¬ 
siderations  it  may  be  concluded  that  tne  maximum  tolerable  pro- 
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duct  of  multipath  and  Doppler  spread  is  around  0.001  in  order 
for  the  irreducible  error  probability  to  remain  below  10”5. 
Typical  values  of  multipath  spread  for  skywave  HF  links  are  in 
the  order  of  0.1  to  2  msec,  while  the  fade  rates  or  Doppler 
spreads  are  in  the  order  of  1  Hz  at  mid-latitudes  so  that  the 
irreducible  error  probability  for  these  circuits  will  be  around 
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SECTION  4 


APPLICATION  TO  EXISTING  HF  RADIOS 


4.0  Introduction 

In  this  section,  we  examine  the  performance  of  six  HF 
radios  in  both  non-built-up  (rural)  and  built-up  (urban)  en¬ 
vironments.  The  radios  are  representative  of  current  military 
HF  equipment.  Their  characteristics  and  nomenclature  are  dis¬ 
cussed  in  Section  4.1.  Section  4.2  analyzes  the  performance  of 
these  radios  using  range  coverage  as  a  measure  of  effective¬ 
ness.  It  is  shown  that  the  presence  of  buildings  and  other 
obstacles  reduces  tne  range  coverage  of  the  radios  by  a  sig¬ 
nificant  amount  which  depends  on  frequency.  Section  4.3  dis¬ 
cusses  the  implications  of  the  results  of  Section  4.2.  It  is 
pointed  out  that  the  lower  HF  band  (3-10  MHz)  will  provide  sig¬ 
nificantly  greater  coverage  in  built-up  areas  than  lower  VHF 
(30-80  MHz)  all  conditions  being  equal  (i.e.,  equal  transmitted 
power  levels) . 

4.1  Radio  Characteristics 

In  this  section,  we  present  the  characteristics  of 
typical  military  HF  radios  which  could  be  used  in  MOBA  communi¬ 
cations.  Tnese  are: 


AN/PRC-104 
AN/PRC- 70 
AN/GRC-106 ,  106A 
AN/GRC-122 ,  142,  142B 
AN/FRC-93 
AN/PRC-7 2A,  B,  C 


Receiver /Transmit ter 
Receiver /Transmit ter 
Receiver /Transmit ter 
Radio  Teletypewriter 
Receiver/Transmitter 
Receiver /Transmitter 


These  radios  cover  a  wide  spectrum  of  designs  and  uses, 
as  discussed  in  tne  following  subsections. 
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4.1.1  AN/PRC -10 4 

The  AN/PRC-104  is  currently  under  development  by  Hughes 
Aircraft  Company  for  the  U.S.  Marine  Corps,  and  is  the  most 
state-of-the-art  of  all  the  radios  listed.  Designed  as  an 
ultra-light  (12.5  pounds)  20  watt  manpack  HF  radio,  it  also  can 
be  interfaced  with  HPA's  to  make  a  400  watt  vehicular  radio  as 
well  as  a  100  watt  portable  radio.  It  contains  an  automatic 
antenna  tuner  which  is  supposed  to  tune  to  the  correct  fre¬ 
quency  in  8  seconds  maximum.  The  communications  range  of  the 
PRC-104  is  nominally  30  miles  with  a  whip  antenna  and  up  to  300 
miles  using  a  dipole  antenna.  The  radio  tunes  the  entire  2  to 
30  MHz  HF  band  using  a  frequency  synthesizer  with  100  Hz  incre¬ 
ments.  It  is  capable  of  CW,  SSB,  and  coded  data  transmission, 
the  latter  using  a  TADIL-A.  The  specification  operating  life 
with  its  built-in  28  volt,  5  amp-nours,  silver  zinc  battery 
pack  is  16  hours,  but  CENCOMS  tests  show  10  nours  to  be  more 
realistic.  The  3  dB  bandwidth  of  a  single  (not  a  tandem)  radio 
is  specified  to  be  500  to  3000  Hz,  and  is  thus  not  PARKHILL 
compatible. 

4.1.2  AN/PRC-70 

The  AN/PRC-70  is  a  lightweight  (39  pounds)  manpack  radio 
designed  for  employment  in  the  forward  combat  area.  It  tunes 
over  the  HF/VHF  band,  from  2  to  76  MHz,  using  a  frequency  syn¬ 
thesizer.  It  is  capable  of  operating  in  FM  at  VHF,  and 
AM/SSB/CW/FSK  at  HF.  The  transmitted  power  ranges  from  20  to 
40  watts,  depending  on  the  modulation  employee.  In  the  re¬ 
ceiving  mode  the  radio  draws  7  watts,  while  in  transmitting  it 
varies  from  50  to  160  watts.  The  radio  contains  an  automatic 
antenna  tuner,  and  comes  with  a  two-section  whip  antenna,  as 
well  as  with  a  doublet  antenna.  At  HF,  its  nominal  range  with 
the  whip  is  25  miles,  and  with  the  doublet,  up  to  2500  miles. 
Secure  voice  operation  is  possible  using  the  TSEC/KY-57  or 
TSEC/KY-38. 
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4.1.3  AN/GRC-106,  106A 


The  AN/GRC-106  and  AN/GRC-106A  are  mobile  (128  pounds) 

HF  radios  which  are  designed  for  deployment  from  division  level 
through  the  COMMZ.  The  radios  tune  over  the  2  to  30  MHz  HF 
band  using  a  frequency  synthesizer,  in  1  KHz  increments  for  the 
GRC-106  and  in  100  Hz  increments  for  the  GRC-106A.  The  two 
radios  are  identical  in  all  other  respects.  The  radios  have 
+600  Hz  vernier  tuning  capability  on  their  receivers,  and  are 
capable  of  botn  transmitting  and  receiving  USB  voice,  com¬ 
patible  AM,  and  CW,  as  well  as  receiving  DSB  AM.  When  inter¬ 
faced  with  RTT  terminal  equipment,  the  GRC-106  also  transmits 
and  receives  FSK  and  NFSK.  The  radio  transmits  400  watts,  and 
nas  a  nominal  range  of  50  miles  with  a  15  foot  whip  antenna, 
and  up  to  1500  miles  with  a  doublet  antenna.  Antenna  tuning  is 
manual.  The  GRC-106  does  not  have  a  secure  voice  capability. 

4.1.4  AN/GRC-122,  142,  142B 

The  AN/GRC-122/142  is  a  family  of  vehicular  mounted 
medium  power  HF  SSB  radios.  While  used  primarily  for  teletype, 
they  are  also  capable  of  AM  and  SSB  voice,  as  well  as  CW 
operation.  As  with  the  AN/GRC-106,  they  are  deployed  from 
division  level  through  COMMZ.  The  radios  cover  the  2-30  MHz 
band,  are  shelter  mounted,  and  weigh  in  the  order  of  1800 
pounds.  The  normal  antennas  for  the  radios  are  a  15  foot  whip 
or  an  AN/GRA-50  doublet.  The  AN/GRC-122  family  has  a  range  of 
up  to  2400  miles.  The  radio  has  no  secure  voice  operation 
mode,  although  secure  FSK  is  possible  when  used  witn  the 
TSEC/KW- 7 .  The  normal  transmitted  power  level  is  200  watts  for 
telegraphy,  and  400  watts  PEP  for  SSB.  A  1  kw  amplifier  is 
added  to  the  AN/GRC-122  when  the  long  range  capability  is 
desired. 


4.1.5  AN/FRC-93 

The  AN/FRC-93  is  a  military  HF  radio  system  based  on  tne 
Collins  KWM2  HF  radio.  It  is  deployed  in  base  camps  and  field 
artillery  units,  has  no  official  configuration  and  includes 
portable  100  and  1000  watt,  mobile  100  watt,  and  fixed  station 
100  and  1000  watt  configurations.  The  basic  KWM-2  transceiver 
weighs  95  pounds,  and  covers  the  3.4  to  5.0  MHz,  and  6.5  to  30 
MHz  bands  with  the  frequency  selection  being  crystal  controlled 
with  14  crystals  in  the  KWM-2,  and  28  in  the  KWM-2A.  The 
operating  bands  are  manually  controlled  and  are  200  kHz  wide 
about  the  crystal  frequencies.  No  antenna  tuning  is  provided, 
and  the  radios  must  operate  with  a  50  ohm  load  (VSWR  less  than 
2.0  to  1)  or  destruction  of  the  transmitter  output  stage  will 
result.  The  only  modulations  available  are  SSB  and  CW,  with 
the  SSB  6  dB  bandwidth  being  300  to  2400  Hz.  At  100  watts 
transmitted  power  it  has  a  50  mile  ground  wave  range.  Up  to 
1000  mile  range  is  available  with  1  kW  transmitted  power  and  a 
dipole  antenna.  The  AN/FRC-93  does  not  have  a  secure  voice 
mode. 

4.1.6  AN/PRC-74A,  B,  C 

The  AN/PRC-74  is  a  low  power  HF  radio  designed  for  use 
by  special  forces,  forward  area  patrols,  and  air  assault 
divisions.  The  PRC-74  and  -74A  cover  tne  2  to  12  MHz  range, 
while  the  -74B  and  -74C  cover  the  2-18  MHz  range.  All  models 
of  the  -74  are  frequency  synthesizer  controlled  in  1  kHz 
cnannel  spacings.  The  radios  are  low  power,  15  watts  PEP 
nominal,  and  weigh  between  30  and  50  pounds,  depending  on  the 
battery  pack  employed.  The  batteries  are  rated  for  a  24  hour 
life  with  a  duty  cycle  of  9  minutes  receiver/1  minute  trans¬ 
mit.  The  range  with  the  10  foot  whip  antenna  supplied  with  the 
radio  is  25  miles  nominal.  Extended  range  operation  requires 
the  use  of  the  dipole  antenna  supplied  with  the  radio.  The 
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tuning  of  the  radio  if  manual,  and  there  is  no  secure  voice 
capability. 


4.2  Radio  Performance 

In  this  section  we  evaluate  the  performance  of  the 
aforementioned  radios  in  built-up  (urban  and  suburban)  and  flat 
non-built-up  (rural)  areas.  The  performance  is  evaluated  by 
determining  the  range  of  the  various  radios  in  tne  urban  and 
rural  environments.  The  range  of  the  radios  is  determined  from 
the  minimum  required  signal-to-noise  ratio  (SNR)  for  the  type 
of  transmission  (SSB,  DSB-AM,  FSK,  etc.).  As  discussed  in 
Section  3,  the  minimum  required  SNR  varies  upon  whether  tne 
received  signal  is  fading  or  not  and  the  statistics  of  the 
fading.  The  nature  (statistics)  of  the  fading  depends  on 
whether  the  signal  propagates  from  transmitter-to-receiver  via 
ground  wave  or  skywave.  Wnen  propagation  is  via  ground  wave, 
the  received  signal  exhibits  no  fading  if  the  terrain  is 
reasonably  flat  (rural) .  When  the  terrain  is  typical  of  a 
built-up  area  (urban  and  suburban) ,  the  received  signal  might 
exhibit  Rician  fading  or  Rayleigh  fading  (refer  to  Section  2.5) 
especially  at  the  higher  frequencies  in  tne  HF  band.  On  the 
other  hand,  if  the  signal  arrives  via  skywave  propagation,  it 
will  exhibit  slow  Rayleigh  fading  under  most  conditions. 
Finally,  if  the  signal  arrives  via  both  ground  wave  and  sky- 
wave,  it  will  exhibit  slow  Rician  fading.  Since  we  are  mostly 
interested  in  short-range  HF  propagation,  we  will  assume  tnat 
the  intended  mode  of  propagation  is  via  ground  wave  so  that  the 
radios  are  equipped  with  vertically  polarized  wnips.  Further¬ 
more,  for  lack  of  better  data,  we  will  also  assume  tnat  the 
received  signal  is  slowly  fading  when  propagation  is  over 
ouiit-up  areas  (urban  and  suburban)  and  that  tne  fading  is  Ray¬ 
leigh  distributed  (worst  case) .  When  propagation  is  over 
smooth,  flat  (rural)  ground,  we  will  assume  the  signal  is  not 
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fading.  Those  cases  where  the  assumptions  mignt  be  violated 
due  to  the  presence  of  skywave  interference  will  oe  indicated. 

From  these  considerations,  the  minimum  required  SNR  for 
SSB  (voice)  transmissions  in  a  3  kHz  bandwidth  is  assumed  to  be 
13  dB  (from  Table  3.2)  in  built-up  areas  and  12  dB  in  non- 
built-up  areas.  Similarly,  the  minimum  required  SNR  for  start- 
stop  teletype  data  with  1%  character  error  probability  is 
assumed  to  be  31  dB  (from  Table  3.5)  in  built-up  areas  and  17 
dB  in  non-ouiit-up  areas. 

The  range  of  tne  various  HF  radios  may  now  oe  determined 
by  finding  the  transmitter-receiver  separation  at  wnicn  the 
minimum  required  SNR  is  first  exceeded.  In  general,  when 
atmospheric  or  man-made  noise  levels  are  greater  tnan  receiver 
thermal  noise  the  SNR  at  a  given  frequency  and  transmitter- 
receiver  separation  is  given  by 

SNR  =  Pt+Gt+Dr-L(f,d)-Fam(f)-W+204  (4.1) 

where 

SNR  =  pre-detection  signal-to-noise  power  ratio  for 
the  specified  bandwidtn  B 

Pt  *  transmitter  power  delivered  to  antenna  input 

(dBw)  (PEP  for  SSB  and  average  power  for  tele¬ 
type  data) 

Gt  -  power  gain  of  transmitting  antenna  (dB)  in 

direction  of  propagation  path  relative  to  iso¬ 
tropic  antenna  in  free  space 

Dr  =  directive  gain  of  receiving  antenna  (dB)  in 

direction  of  propagation  path  relative  to  iso¬ 
tropic  antenna  in  free  space 

L  =  total  attenuation  (path  loss)  in  the  pro¬ 
pagation  path  (dB)  at  the  specified  frequency, 
f,  and  range  d 

Fam  *  median  of  the  hourly  values  of  atmospheric  or 
man-made  noise  power  in  dB  above  kTB 

W  =10  log^QB  where  B  is  the  effective  receiver 
bandwidth  in  Hz 
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Since  the  path  loss  increases  with  distance,  the  SNR 
decreases  with  distance.  Hence,  tne  range  o£  the  radio  is 
found  by  determining  the  value  of  the  patn  loss  for  wnicn  tne 
SNR  equals  the  minimum  required  SNR.  The  range  is  seen  to  vary 
with  frequency,  transmitted  power,  noise  level  and  antenna 
gain.  Typical  noise  levels  at  a  given  frequency  may  be  deter¬ 
mined  from  Fig.  2.7-1.  The  transmitted  power  levels  vary  from 
one  radio  to  another  as  discussed  in  Section  4.1.  The  antenna 
gains  vary  with  length  and  frequency  and  need  to  be  determined 
prior  to  calculating  the  range  of  the  radios. 

a.  Antenna  Gain 

The  antenna  gain  in  the  direction  of  propagation 
is  defined  as  the  product  of  the  directivity  (directive  gain) 
of  the  antenna  in  tne  direction  of  propagation  and  tne  effi¬ 
ciency  of  the  antenna  [Jasik,  1961].  Tne  directivity  is  the 
ratio  of  the  radiation  intensity  in  the  direction  of  propa¬ 
gation  to  tne  average  radiation  intensity.  The  efficiency  of 
the  antenna  accounts  for  copper,  dielectric,  ground  or  mismatcn 
losses  and  is  equal  to  one  if  tnese  losses  are  negligible. 

Thus,  the  directivity  is  tne  gain  of  a  lossless  antenna. 

Since  we  are  concerned  with  ground  wave  propa¬ 
gation  mainly,  the  directive  gain  (directivity)  is  the  gain  of 
a  lossless  vertical  whip  (typical  length  for  MOBA  use  in  9 
feet)  near  zero  elevation  angle  and  over  imperfect  ground. 
Vertical  directive  gain  patterns  for  monopoles  (vertical  whips) 
found  in  the  literature  are  usually  based  upon  the  antenna 
being  placed  over  perfect  ground.  Fortunately,  the  directive 
gain  at  near  grazing  (zero)  elevation  angles  for  a  whip  placed 
over  imperfect  ground  is  the  same  as  that  of  a  whip  placed  over 
perfect  ground  [Jordan,  1950]  when  used  to  excite  surface 
waves.  This  means  that  the  directive  gain  of  a  vertical  whip 
antenna  used  for  ground  wave  propagation  is  5.J.5  dB  if  the  whip 
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is  exactly  a  quarter-wavelength  long  and  4.76  dB  if  the  whip  is 
much  shorter  than  a  quarter-wavelength  long  (Jasik,  1961]. 

Thus,  a  9  foot  wnip  used  for  radiating  at  tne  horizontal  level 
has  a  directive  gain  of  4.76  dB  at  frequencies  below  15  MHz  and 
a  directive  gain  between  4.76  dB  and  5.15  dB  at  frequencies  oe- 
tween  15  MHz  and  30  MHz.  Tnis  gain  is  reduced  by  the  effi¬ 
ciency  of  the  antenna. 

The  efficiency  of  an  antenna  is  limited  by  two 
factors:  near  field  losses  in  the  ground  and  losses  which  re¬ 
sult  from  matching  the  impedance  of  the  antenna  to  the  radio. 
The  factor  which  accounts  for  near  field  losses  is  referred  to 
here  as  the  radiation  efficiency  of  the  antenna.  The  radiation 
efficiency  for  a  short  monopole  (whip)  antenna  over  average  im¬ 
perfect  ground  is  given  by  the  empirical  formula  [Barghausen, 
et  al.,  1969] 

Eff(dB)  =  -25.646  +  364.817(|)  -  2179.89  (|)2 

+  6091.33  (!)  -  6416.702  (|)4 

valid  for  .  02<(H/A) <0.3  where  H  is  the  length  of  the  monopole 
and  A  is  the  wavelength.  This  formula  is  shown  in  Fig.  4.1  as 
a  function  of  the  electrical  length,  H/A,  of  the  whip  antenna. 
This  curve  shows  tnat  the  radiation  efficiency  of  a  9  foot  wnip 
varies  from  -17  dB  at  3  MHz  to  -6  dB  at  10  MHz  and  to  0  dB  at 
30  MHz. 

Mismatch  (tuning)  losses  depend  on  the  type  of 
matching  network  used  and  in  particular  on  the  Q  of  the 
matching  network.  For  the  purpose  of  this  study,  we  will 
assume  that  mismatch  (or  tuning)  losses  are  negligible  in  com¬ 
parison  to  the  ground  losses.  However  it  should  be  pointed  out 
that  in  some  cases,  for  the  (electrically)  short  antennas  used 
with  Army  HF  radios,  tuning  losses  can  be  substantial  and  re¬ 
duce  antenna  efficiency  significantly,  in  particular  at  the 
lower  end  of  the  HF  band. 
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RADIATION  EFFICIENCY  (ptrcent) 


Fig.  4.1  Antenna  Radiation  Efficiency  as  a  Function  of 
Electrical  Length  for  Base-Fed  Vertical  h'hip 
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RAOIATION  EFFICIENCY  (dB) 


b.  Range  of  SSB  HF  Voice  Transmissions 

From  these  considerations  we  have  calculated  the 
range  of  the  SSB-HF  radios  described  in  Section  4.1  at  three 
frequencies:  3  MHz,  10  MHz  and  30  MHz,  and  for  two  types  of 
propagation  conditions:  transmission  over  rural  (flat)  terrain 
and  transmission  in  built-up  (urban)  areas.  Tnese  predicted 
ranges  are  summarized  in  TaDle  4.1.  From  this  table  it  can  oe 
seen  tnat  under  favorable  conditions  (rural  areas) ,  the  range 
of  the  SSB  transmissions  varies  from  34  km  at  3  MHz  and  15 
watts  PEP  (peak-envelope  power)  to  105  km  at  30  MHz  and  400 
watts  PEP  .  While  ranges  are  close  to  the  nominal  ranges 
quoted  by  the  radio  manufacturers,  the  predicted  ranges  for 
tnese  same  radios  in  built-up  areas  are  reduced  to  values 
between  0.8  km  at  30  MHz  and  15  watts  PEP,  to  17  km  at  3  MHz 
and  400  watts  PEP.  The  reduction  in  range  is  due  to  a  com¬ 
bination  of  higher  urban  noise  levels  and  increased  attenuation 
due  to  the  presence  of  buildings. 

In  general  we  can  see  from  Table  4.1  that  the 
range  of  tne  SSB  transmissions  in  urban  areas  is  lower  than  in 
rural  areas  by  factors  of  4.6  at  3  MHz,  8.0  at  10  MHz,  and  59 
at  30  MHz.  The  reduction  in  range  is  most  severe  at  the  higner 
frequencies.  This  is  not  surprising  since  the  height  of  the 
buildings  becomes  comparable  with  the  wavelength  at  30  MHz. 

The  reduction  in  range  is  somewhat  pessimistic  at  30  MHz 
though,  as  the  theory  used  to  calculate  the  ground  wave  attenu¬ 
ation  in  built-up  areas  (see  Section  3.4)  is  marginably  appli¬ 
cable.  On  the  other  hand,  these  ranges  are  somewhat  lower 
(factor  of  2)  than  those  predicted  by  tne  theory  of  VHF  pro¬ 
pagation  in  built-up  areas  [see  Enrman  and  Pari,  1977J  and 
measured  experimentally  at  27  MHz  [Enrman,  Malaga  and 
Ziolkowski,  1979], 


4-10 


Skyware  interference  at  night. 


c.  Range  of  Teletype  HF  Transmissions 

A  similar  calculation  of  the  range  of  teletype 
data  HF  transmissions  has  been  carried  out  for  tne  Army  HF 
radios  which  have  this  capability.  The  results  are  summarized 
in  Table  4.2.  It  can  be  seen  that  the  range  of  teletype  data 
transmissions  with  less  than  1%  character  error  probabilities 
under  favorable  conditions  (rural  terrain)  varies  from  28.5  km 
at  3  MHz  and  20  watts  average  transmitted  power  to  66  km  at 
30  MHz  and  200  watts  average  transmitted  power.  In  urban 
terrain  these  ranges  are  reduced  to  distances  between  .33  km  at 
30  MHz  and  20  watts  average  transmitted  power  and  5.4  km  at 
3  MHz  and  200  watts  average  transmitted  power.  In  general,  tne 
range  of  teletype  data  transmission  in  urban  areas  is  lower 
than  in  rural  areas  by  factors  of  9.4  at  3  MHz,  19.6  at  10  MHz, 
and  110  at  30  MHz.  Tne  range  reduction  factor  for  teletype 
data  at  a  given  frequency  is  twice  as  great  as  that  for  SSB 
transmission  because  the  effects  of  Rayleigh  fading  are  much 
more  severe  on  data  transmissions  than  on  voice  communications. 

4.3  Implications  of  the  Radio  Analysis 

In  the  previous  section  we  analyzed  the  performance 
(range  reduction)  of  six  military  HF  radios  in  urban  areas. 

The  analysis  was  more  general  though  and  applies  to  any  radio 
whose  output  power  falls  in  the  ranges  listed  in  Tables  4.1  and 
4.2. 

The  analysis  shows  that  when  the  terrain  is  reasonably 
fiat  and  obstruction  free  (such  as  rural  terrain) ,  slightly 
longer  transmission  ranges  are  achieved  at  the  high  edge  of  tne 
HF  band  (30  MHz) .  The  reasons  are  good  antenna  efficiency  and 
lower  noise  levels.  However  when  the  terrain  is  built-up  (such 
as  in  urban  and  suburban  areas) ,  the  lower  frequencies  in  tne 
HF  band  (near  3  MHz)  provide  better  coverage  because  the  low 
antenna  efficiencies  and  high  noise  levels  at  these  frequencies 
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are  more  than  offset  by  the  lower  excess  attenuation  (intro¬ 
duced  by  the  presence  of  buildings  and  other  structures  such  as 
lamp  posts) .  The  excess  attenuation  is  considerably  higher  at 
30  MHz  than  at  3  MHz.  In  fact,  the  excess  attenuation  in¬ 
creases  at  a  rate  of  20  dB  per  decade  (ten-fold  increase  in 
frequency)  or  6  dB  per  octave  (doubling  of  the  frequency) . 

This  is  over  and  above  the  ground  wave  attenuation  which 
roughly  increases  at  a  rate  of  40  dB  per  decade  or  12  dB  per 
octave. 

The  theoretical  results  given  in  Tables  4.1  and  4.2  snow 
that  radio  transmission  at  3  MHz  provides  10  times  greater 
range  coverage  than  transmission  at  30  MHz  in  built-up  areas. 
This  is  very  significant  and  it  indicates  that  tne  lower  por¬ 
tion  of  the  HF  band  will  provide  much  greater  coverage  in 
built-up  areas  than  the  military  VHF  band  (30  MHz  to  80  MHz) . 
The  improvement  in  coverage  may  be  as  high  as  10  times  greater 
if  the  radios  are  at  ground  level.  Doubling  in  tne  coverage  at 
VHF  may  be  achieved  by  raising  one  antenna  to  a  height  of  30 
feet  or  both  antennas  to  a  neight  of  15  feet.  Antenna  ele¬ 
vation  at  lower  HF  will  not  result* in  a  significant  improvement 
unless  both  antennas  are  elevated  above  roof  top  level. 


4-14 


SECTION  5 

CONCLUSIONS  AND  RECOMMENDATIONS 


5.1  Conclusions 

Based  on  the  results  of  this  study,  the  following  con¬ 
clusions  have  been  reached. 

a.  For  radio  wave  propagation  at  HF  using  ground- 
based  vertical  whips,  the  ground  wave  will  be 
dominant  over  the  skywave  up  to  distances  of  at 
least  70  km  during  daytime  but  only  up  to  35  km  at 
night  at  frequencies  below  5  MHz;  aoove  5  MHz 
there  is  no  skywave  at  night.  These  distances 
will  vary  somewhat  depending  on  the  propagation 
conditions. 

b.  The  range  of  a  radio  at  HF  when  operated  street- 
to-street  in  an  urban  area  will  be  significantly 
lower  than  when  operated  in  a  flat  rural  area. 
Typical  ranges  of  various  Army  HF  radios  for  voice 
and  teletype  data  transmission  in  urban  and  rural 
areas  are  given  in  Tables  4-1  and  4-2. 

c.  All  other  things  being  equal,  the  range  of  a  radio 
in  an  urban  area  is  a  strong  function  of  fre¬ 
quency.  The  lower  the  frequency  tne  greater  the 
range. 

d.  The  range  of  a  radio  in  a  rural  area  is  on  tne 
other  hand  almost  independent  of  frequency. 
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e.  There  is  almost  no  data  regarding  tne  statistical 
behavior  of  HF  signals  in  urban  areas. 

f.  There  is  little  quantitative  data  concerning  sig¬ 
nal  attenuation  in  urban  or  suburban  areas  at  HF. 

g.  There  is  little  quantitative  data  regarding 
street-to-building,  building-to-building  com¬ 
munications  or  intrabuilding  communications. 

h.  Antenna  efficiency  is  a  problem  at  tne  lower  end 
of  the  HF  band.  As  an  example,  the  efficiency  of 
a  9  ft  whip  at  3  MHz  is  -17  dB.  A  smaller  antenna 
would  be  even  less  efficient. 

i.  From  theoretical  considerations,  HF  promises  to 
provide  significantly  greater  range  (or  area 
coverage)  than  VHF  (factor  of  5  times) . 

j.  Due  to  antenna  size  considerations,  HF  may  not  be 
practical  for  street-to-building,  building- 
to-building  or  intrabuilding  communications. 

k.  Front-line  units  to  higher  echelon  communications 
using  100  Watt  HF  radios  will  not  oe  possible 
during  the  daytime  if  they  are  separated  by  more 
than  50  km  especially  when  one  end  of  the  link  is 
in  a  built-up  area.  At  night  communications  is 
possible  beyond  50  km  at  frequencies  between  3  and 
5  MHz. 


5-2 


5.2 


Recommendat ions 


In  order  to  verify  our  conclusions  regarding  the  im¬ 
provement  in  range  for  MOBA  we  recommend  that  propagation 
measurements  at  HF  be  made  in  both  urban  and  suburban  areas. 
The  measurements  should  be  similar  to  those  we  made  at  VHF  and 
UHF  and  the  data  reduction  and  analysis  should  be  similar  so 
that  they  can  be  used  in  a  unified  propagation  model. 


